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Since a couple of decades the astronomical and astrophysical exploration has
been proceeding through two major streams. The former in the study and
observation of far and weak sources in the Universe, with the consequent need
to develop new technologies to increase the instruments sensitivity in order
to explore the Universe, the latter in the observation and study of the cosmic
radiation, composed by charged cosmic particles, neutrinos and high energy
photons, at diﬀerent energies in order to investigate their sources and the
related physical phenomena. Such stream of research is called astroparticle
physics, being strictly connected to many issues, physics items and instru-
mental technologies common to particle physics.
The γ-astronomy is, therefore, a branch of astroparticle physics whose
target is to study all those astrophysical sources responsible for the emission
of High Energy (HE) radiation. Several kind of sources are responsible for the
γ radiation emmission, both in the galactic enviroment and at extragalactic
distances. γ radiation can be studied from few tens of keV up to several tens
of TeV, covering an energy range of nine orders of magnitude. The related
physical phenomena involved in the production of γ radiation can be very
diﬀerent and the experimental techniques to detect the γ particles can vary
a lot. This is the main reason behind the eﬀorts of the astronomical com-
munity for the so-called Multi Wave Lenght (MWL) campains, observational
campains on sources at diﬀerent wave lenght (energy).
The γ cosmic radiation is mainly detected by using two techniques. The
space based technique, that consists in the direct detection of the primary
γ by instruments installed onboard of a satellite. This technique has been
used for the last three decades, and until the end of ’80s it has been the only
possible technique suited for the detection of the γ cosmic radiation. Space
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based instruments for γ radiation usually consists in particle detectors, while
rejecting the charged ones by using anti-coincidence techniques. Space based
instruments can observe the low energy γ radiation – from few tens of keV
up to few GeV. Only recently new instruments capable to reach hundreds of
GeV have been built.
This kind of instruments typically have a large Field of View (FoV) and
therefore can perform a sky-survey activity, becoming then well suited for
transient phenomena search like Gamma-Ray Bursts or other Target of Op-
portunity (ToO) like ﬂaring blazars. On the other hand, the eﬀective area
available on such kind of detectors is very low, of the order of 1 m2, which
makes the observation of sources beyond GeV energies very diﬃcult or even
impossible because of the steep decrease of the γ radiation ﬂux.
The second technique, used by ground based experiments, consists in the
indirect observation of the primary γ thanks to the atmosphere which acts
as a calorimeter. The primary γ, in fact, when interacting with the hadronic
nuclei of the atmosphere, decays into an electron-positron pair that starts to
develop a particle shower. All the charged particles of the shower are moving
relativistically through the atmosphere, thus producing light by Cherenkov
eﬀect.
Information about the primary γ photon and the direction of incidence
can be retrieved by the analysis of the particle shower shape by using two
techniques. The one used by Extensive Air Shower (EAS) arrays, which
simply collects the charged particles of the shower reaching the ground, and
reconstruct the shape and direction of the primary γ by looking at their
arrival time and distribution at ground. The other technique, used by Imag-
ing Air Cherenkov Telescopes (IACT) instruments, reconstructs the image
of the shower from the Cherenkov light produced in the atmosphere by the
shower itself. Ground based instruments are thus complementary to space
based ones in γ astronomy since they cover a diﬀerent energy range extending
from hundreds of GeV up to several TeV. Low γ ﬂuxes at high energies be-
come observable thanks to the greater sensitivity available for ground based
telescopes, of the order of 105-106 m2 i.e. ﬁve or six orders of magnitude
bigger than that one available on a space based instruments. On the other
hand, EAS arrays can perform a sky survey while IACT can only perform
a follow-up observation because of their small FoV. Moreover local ground
conditions strongly constrains the IACT duty cycle, aﬀecting then the ob-
servation schedule as well as the search for transient phenomena. A detailed
description of the ground based IACT technique can be found in §1.2.
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The Major Atmospheric Gamma Imaging Cherenkov Telescope (MAGIC
Telescope) exploits several new tecnologies for the observation of gamma
cosmic radiation, to be applied in the context of IACT technique. A complete
technical description of the MAGIC Telescope can be found in §1. The
general design is oriented to reduce the energy threshold down to few tens of
GeV and to reduce the slewing time to few tens of seconds, in order to observe
the prompt emission of of transient phenomena like Gamma-Ray Bursts.
With its large reﬂective surface, consisting in a 17m ∅ dish tasseled with
square aluminum mirrors, the MAGIC telescope can achieve a 30 GeV en-
ergy threshold at trigger level, the lowest energy threshold currently available
on a IACT, covering the energy gap between the observations by satellites
and previous generation Cherenkov detectors. Moreover the extremely light
carbon ﬁbre structure reduces the total weight of the telescope as well as its
inertial momenta. These last two features provide the lowest slewing time
currently available on a IACT, less than 30 s to slew to any position in the sky.
The ﬁrst high energy observations of Gamma-Ray Bursts by MAGIC is
the outline of this PhD thesis work. Gamma-Ray Bursts are transient γ-
ray ﬂashes coming from the Universe with unknown origin although their
discovery took place about 40 years ago. Their phenomenological features
have been well studied and described in the keV/MeV energy range by many
space-based experiments.
The Burst And Transient Source Experiment (BATSE) provided a huge
quantity of information about Gamma-Ray Bursts, with a catalog containing
2704 Gamma-Ray Bursts, that revealed an isotropic angular distribution,
a ﬁrst hint for their cosmological origin. Moreover BATSE provided the
ﬁrst high resolution time resolved lightcurves, showing extremely irregular
proﬁles of pulsed emissions, proof of intense time variability emissions of
high energy photons for many theoretical models. Finally, the huge amount
of data collected by BATSE could provide all information useful to deﬁne a
phenomenological model for Gamma-Ray Bursts spectra, the Band model.
This model describes Gamma-Ray Bursts spectra basically by two smoothly
connected power laws, describes a non-thermal emission and provides the
main hint for a theory which basically foresees a sincrotron emission boosted
by a high Lorenz factor.
High energy observations of GRB have been performed by the Ener-
getic Gamma Ray Experiment Telescope (EGRET) at MeV energies up to
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a maximum of 18 GeV on several BATSE Gamma-Ray Bursts, conﬁrming
the extension until such energies of the Band model. EGRET was installed
aboard the Compton Gamma Ray Observatory (CGRO), the same space-
based observatory were also BATSE was installed, providing many MWL
observations on Gamma-Ray Bursts joint with BATSE on the high energy
tail of the spectrum indeed. No clear deviation from the Band model has
been observed up to 18 GeV, the highest energy observed on a Gamma-Ray
Burst up to now, even if the statistic, and therefore the conﬁdence on the re-
lated result, around GeV is very low. No further detections have been made
beyond GeV, apart for a possible evidence of excess by MILAGRITO at TeV
energies.
Another important feature of Gamma-Ray Bursts comes from the ob-
servations by the italian-dutch experiment Beppo-SAX, a space-based ex-
periment suited for high sensitivity observations of X-ray sources. Beppo-
SAX discovered the so called afterglow, a fading X-ray emission following
the GRB, sometimes accompanied by an optical counterpart. Most of the
Gamma-Ray Bursts show an afterglow which can last from few hours to sev-
eral days. No high energy γ emission has been observed in the afterglow until
now, even if some models predict it. Indeed only upper limits have been put
both on the prompt emission, which is deﬁned as the γ emission detected
by the satellite, and on the afterglow by previous ground based experiments
at energies beyond few hundreds of GeV. The importance of the afterglow
discovery is twofold. First of all is the discovery of a GRB counterpart at
diﬀerent energies and at diﬀerent time than the GRB itself, providing very
useful informations on the astrophysical enviroment where the GRB devel-
ops. Moreover the high precision localization of the afterglow could reveal
in many cases host galaxies adjacent to the GRB itself, allowing measure-
ments of the red-shift of the Burst. Such red-shift measurements, from 0.01
to 6.29, are the ﬁnal proof of the cosmological origin of Gamma-Ray Bursts,
but also the clear indication that the cosmological absorption of the high
energy photons, due to their interaction with lower energy photons of the
Extragalactic Background Light (EBL), is strongly aﬀecting possible spectral
extrapolations at MAGIC energies.
The MAGIC Telescope can perform high energy observations with high
sensitivity. Having a small FoV, an instrument like MAGIC needs an alert
system to trigger and repositioni on the Gamma-Ray Burst location. The
Gamma-ray burst Coordinates Network (GCN) provides the necessary link
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between satellites performing a GRB survey and the ground-based instru-
ments interested in the GRB observation. Through a dedicated alert system
exploiting the GCN, MAGIC has already received several alerts on GRB from
satellites, performing then high sensitivity observations of delayed emission
on several Gamma-Ray Bursts as well as on the prompt emissions by two
GRB, namely GRB050713a and GRB050904. No GeV or TeV emission has
been observed but constraining upper limits have been computed.
This PhD thesis work is organized as follows. In chapter 1 the MAGIC
Telescope is described with its technical informations as well as with its scien-
tiﬁc case. In chapter 2 Gamma-Ray Bursts are presented, their phenomeno-
logical description and connection with theoretical models are discussed in
chapter 3, with particular emphasis on the high energy emission during the
prompt and delayed phases. Chapter 4 describes the alert system of the
MAGIC Telescope and the whole alert strategy. Chapter 5 is dedicated to
the analysis of GRB data, as well as the computation of the upper limits for
the prompt and delayed emission. Finally in chapter 6 constraints on the high
energy emission on Gamma-Ray Bursts, according to MAGIC observations,




The Major Atmospheric Gamma Imaging Cherenkov Telescope (MAGIC Tele-
scope) is a new generation Imaging Air Cherenkov Telescopes (IACTs). Dif-
ferently from space-based instruments for γ-astronomy that detect the direct
γ radiation, ground-based Cherenkov instruments detect the gamma radia-
tion coming from outer space by exploiting the Cherenkov technique, already
described in §1.2.
Current new generation of IACT exploits new technological innovations
to improve sensitivity as well as to reduce the energy threshold.
Four indipendent IACT experiments are currently dedicated to the high
energy investigation of cosmos, the so called Big Four :
• the Very Energetic Radiation Imaging Telescope Array System1 (VER-
ITAS), an array of four Cherenkov telescopes of 10 m ∅ installed in
New Mexico, USA;
• the High Energy Stereoscopic System2 (HESS), a four telescopes array
of 10 m ∅ installed in Namibia;
• the Collaboration of Australia and Nippon for a GAmma Ray Observa-
tory in the Outback 3 (CANGAROO III), another array of four IACT
of 10 m ∅ installed in Australia;
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The ﬁrst three experiments chose the stereoscopic technique as the main
technological innovation to enhance the sensitivity to reveal high energy γ
radiation, while MAGIC has chosen the single telescope structure with a large
reﬂecting surface and a very light carbon ﬁbre structure to reduce the energy
threshold at trigger level and the slewing time respectively. Figure 1.1 shows
their position over a world map, showing how they can provide an almost
total coverage for the sky observation, being distributed on both the northern
and southern hemispheres.
Figure 1.1: World map with the Big Four telescopes. Two are in the north-
ern and two in the southern hemisphere, allowing an almost complete sky
coverage during the 24 hours.
MAGIC and the other three big IACT experiments represent respectively
two diﬀerent philosophies, even if actually the MAGIC collaboration has
recently approved the construction of a MAGIC II telescope, to provide the
stereoscopic view to the MAGIC experiment.
On one hand, the stereoscopic view enhances both the angular resolution
than the γ-hadron separation capability, reducing the energy threshold at
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analysis level (see [4, 5]); moreover it allows a precise localization of the pri-
mary γ improving thus also the energy resolution. On the other hand, the
development of a large reﬂecting surface reduces the energy threshold at trig-
ger level by increasing the collecting area for the Cherenkov light produced
by the particle shower; moreover, an extremely light carbon ﬁber structure
reduces of about one order of magnitude the slewing time, allowing a very
fast repositioning of the telescope to observe fast transient phenomena like
Gamma-Ray Bursts. In ﬁgure 1.2 a comparison between the sensitivities of
past and present experiments for γ-astronomy is shown.
Figure 1.2: Sensitivities of past, present and future experiments for
γ-astronomy. In high energy astroparticle physics sensitivity is deﬁned as the
minimal ﬂux observable in 50 hours of observation at 5σ, apart for satellites
which usually provide sensitivities for one month of observation.
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1.1 The Scientific Case
In the last two decades the Universe has been observed in the high energy
regime both by space-based instruments and by ground-based Cherenkov in-
struments. One of the most intense campaign of observation of the Universe
at high energy has been performed by EGRET, which discovered several γ
sources both of galactic and extragalactic origin. The ﬁrst high energy detec-
tion of a γ source by a Cherenkov telescope arrived in 1989 by the Whipple
telescope which detected the Crab Nebula, the ﬁrst γ source observed at
TeV energies. Many other observations of γ sources have been performed
later by Cherenkov telescopes, but only a very small part of the sources of
the EGRET catalog, observed below 30 GeV, could be detected at energies
higher than 300 GeV, even though the extrapolations of the sources spectra
predicted detectable ﬂuxes in the IACT energy window. Figure 1.3 shows
the current scenario concerning the high energy observation of point sources
in the sky.
Figure 1.3: (left) Third EGRET catalog of γ-ray point sources in the
100 MeV - 30 GeV energy range. (right) Currently known γ sources detected
by ground-based experiments at energies above 300 GeV.
The lack of informations about possible cut-oﬀ or deviations from the
low energy spectral regime, in the 30-300 GeV energy range, strongly aﬀects
the development of reliable theoretical models about the dynamic of the
physical phenomena related to such objects. The MAGIC Telescope has
been therefore designed to cover this energy range and to provide the missing
informations about ﬂuxes.
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A short overview of γ sources that can be studied at high energies is
given.
1.1.1 Active Galactic Nuclei
Some galaxies have a particular active nucleus characterized by a non-thermal
component in the emitting radiation. Such nuclei have been called Active
Galactic Nuclei (AGN). A sophisticated classiﬁcation has been set up during
past years, but mostly organized according to observational features than
to theoretical modeling reasons, and precisely quasar, Seyfer galaxies (type
I and II), radio-quiet and radio-loud galaxies, BL Lac, blazar, etc. During
the last couple of decades a uniﬁed model of AGN has been developed which
includes all several classes. Such model requires that a super massive black
hole (M ∼ 107 − 1010M, Schwarzschild radius for a black hole of mass
M = 1010M is ∼1 mpc) lies in the center of the galaxy. A thin accretion disk
surrounds the black hole and a further dust toroid surrounds the accretion
disk. Several dust clouds surround the whole galactic nucleus, while two
collimated jets ﬂow out perpendicularly to the accretion disk.
Figure 1.4 shows a nice example of AGN. Observations revealed that the
radiation emitted by AGNs covers the energy range from radio frequencies
to high γ energies. AGN spectrum has a thermal component coming from
the accretion disk (from IR to X-ray) and from the toroid (IR), and a non-
thermal component coming from the jets (radio frequencies and γ-ray). The
uniﬁed model of AGN can explain all several classes as the same AGN seen
from a diﬀerent angle with respect to the accretion disk. In fact, the atten-
uation due to the dust toroid as well as the Doppler eﬀect change the shape
of the observed spectra.
Among more than 60 AGNs seen by EGRET below 10 GeV only 4 could
be seen by IACT above 300 GeV, even if their spectra extrapolation were
predicting observable high energy emission. Actually one of these 4 energetic
AGNs has been seen for the ﬁrst time, at high energies, by the MAGIC
Telescope [6].
1.1.2 Pulsars and Supernova Remnants
Pulsars are neutron stars characterized by an intense magnetic ﬁeld (∼ 1012 G)
and by a very short rotational period, from few milliseconds to few seconds.
Pulsars have a mass not bigger than about 3 M and a radius of the order
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Figure 1.4: Active Galactic Nucleus Centaurus A. All diﬀerent structures
typical for an AGN can be seen.
of 10 km, representing the most dense type of stable matter known. Neu-
tron stars emit radiation from radio frequencies to high energy γ, but no
pulsed emission has been observed above 300 GeV by past IACTs, which
only detected a very small number of pulsars at such energies. This point is
predicted by some models (see [1]) that foresee a sharp cut-oﬀ of the spec-
trum above few GeV due to the absorption by the strong magnetic ﬁeld, if
the γ emission is produced in the overhanging zones of the magnetic poles
(polar cap model); or alternatively a possible extension up to 100 GeV if
the γ radiation is produced in more distant zones from the star, where the
acceleration of charged particles is still possible because of the discontinuity
of the strong magnetic ﬁeld (outer gap model). Once again the attention
is focused on the importance of such energy interval between 30-300 GeV,
where MAGIC can still observe γ ﬂuxes. Figure 1.5 shows an example of γ
pulsar.
Some pulsars are surrounded by an expanding matter cloud, that is what
remains from the explosion of the star itself, a Supernova. Such kind of neb-
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Figure 1.5: (left) Schematic representation of a neutron star. (right) Image
of Crab Nebula from VLT.
ulae are called Supernova Remnants, while in the center the core collapsed
of the star can be found as a neutron star. A nice example of Supernova
Remnant is represented by the Crab Nebula in ﬁgure 1.5. Many Supernova
Remnants have a γ component in their spectrum, but few have been seen
above 300 GeV. Research on Supernova Remnants is of particular interest
not only because the accessible lack of informations in the 30-300 GeV by
MAGIC, but also because Supernova Remnants are considered by many mod-
els as responsible for the acceleration of Cosmic Rays (see [2]), being Cosmic
Rays still of unknown origin.
1.1.3 Extragalactic Background Light
High energy photons can scatter with background photons producing a couple
of charged particles γHEγEBL → e+e− and then “absorbed” by the Extragalac-
tic Background Light (EBL). Calling λ the free average path of the emitted
γHE photon, and l the source distance, we can deﬁne the optical depth of the
extragalactic space between the observer and the source as τ ≡ l/λ and then
the observed ﬂux is attenuated as:
φobservedγ (E) = φ
source
γ (E) · exp (−τ(E, z)) (1.1)
The optical depth obviously depends on the distance of the source, through
the red-shift z which is the physical observable related to the distance ac-
tually measured, and on the energy E of the emitted γHE, being the cross
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section of the scattering above mentioned strongly dependent on both the
energy of γHE and on the Spectral Energy Distribution (SED) of γEBL. The
SED of the Extragalactic Background Light is actually not well known as
long as it is strongly dependent on cosmological models, therefore a study of
distant sources with known spectra is necessary to investigate the features of
this Extragalactic Background Light.
Figure 1.6: (left) Optical depth, deﬁned by the equation τ(E, z) = 1, ac-
cording to some cosmological models, as presented in [7]. Energy thresold
of MAGIC and of past IACT are represented by red lines. (right) Example
of attenuated spectrum (full points) by the Extragalactic Background Light
on the Active Galactic Nucleus Mrk501 at z = 0.034; empty points are Ex-
tragalactic Background Light scattering corrected and follow the theoretical
power law.
The scattering of γ ﬂuxes by Extragalactic Background Light is, in fact,
strongly aﬀecting the spectral shape of distant γ sources at high energies,
in particular for those sources at cosmological distance like Active galactic
Nuclei and Gamma-Ray Bursts. Figure 1.6 shows results of some studies
(see [7]) on Extragalactic Background Light scattering as well as on the
correction to be applied to a distant γ source, the Active Galactic Nucleus
Mrk501 at z = 0.034. The possibility to decrease the energy threshold is
strictly connected to the capability to observe more distant sources.
1.1.4 Gamma-Ray Bursts
Gamma-Ray Bursts (GRBs) are short, energetic and intense ﬂashes of γ ra-
diation of extragalactic origin. A detailed description of Gamma-Ray Bursts
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is presented in §2. In this paragraph we just point out the fact that they
are very fast transient phenomena, with typical durations from few millisec-
onds to several minutes, requiring then a wide FoV or a prompt alert system
and a fast repositioning capability to allow observation. Moreover they are
characterized by a prevalent non-thermal emission in the keV-MeV energy
range, up to few GeV as observed by satellites (BATSE, EGRET, HETE,
INTEGRAL, SWIFT, Konus-Wind, ALEXIS), but no conﬁdent detection
has been done above 300 GeV. The importance of such a fast telescope as
MAGIC, with such a low energy threshold, is again straightforward to be
considered for the study of the physics correlated to such sources.
The study of the ﬁrst high energy observations with high sensitivity of
Gamma-Ray Bursts, with the related results, is the main outline of this Ph.D.
thesis work.
1.2 IACT Technique
Before exposing the details on the MAGIC Telescope we present ﬁrst the
basis of the Image Air Cherenkov Telescope (IACT) technique. As already
said IACTs are a particular kind of Cherenkov detectors and thus indirectly
observe the incoming γ particle thanks to the atmosphere which acts as
a natural calorimeter. The principle is in fact the same as for traditional
Cherenkov particle detectors.
1.2.1 Electromagnetic Showers
A high energy γ photon interacts with atmospheric nuclei at a typical altitude
in the range 10÷20 km above sea level (a.s.l.) annhilating and producing a
couple of leptons e+e−. The energy threshold for such a production process is
2mec
2  1 MeV below which no pair production can be done. The process is
statistic, thus the absorption by pair production is proportional to the initial











where λ is the free average path of a γ photon for pair production process,
and can be shown that
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λ  9
7
X0  1.3X0 (1.3)
where X0 is the radiation length of the atmosphere (see below). Thus, after
a radiation length path, about 54% of the initial photons are absorbed.
These electron and positron particles have half the energy of the annhiki-
lated γ, thus are high energy charged particles moving inside the atmosphere
which are accelerated by charged nuclei and then emit high energy radiation
by the Bremßtrahlung eﬀect. The loss of energy by Bremßtrahlung eﬀect is













where X0 is the radiation length of atmosphere above mentioned. After a
radiation length X0, then, about 63% of the electron (positron) energy is
in average lost in a high energy photon emitted. A typical value for the
radiation length of atmosphere is X0 = 36.66 g/cm
2, and thus 304 m at
Standard Temperature Pressure (STP) conditions.
The high energy photon emitted by Bremßtrahlung interacts later with
hadronic nuclei in the atmosphere, producing again a couple of charged par-
ticles e+e− and a particle shower is then started. The γ e+e− particle pro-
duction chain stops when the typical energy loss by Bremßtrahlung becomes
equal to the typical energy loss by ionization, i.e. when the high energy
photon production is no more eﬃcient enough. The critical energy of the
atmosphere is about Ec  80 MeV. Figure 1.7 represents on the left side a
simpliﬁed schematic view of an electromagnetic particle shower. In this sim-
pliﬁed representation, after a radiation length X0 a γ photon is in average
absorbed and a high energy photon is emitted with ∼ 0.6 Ee, where Ee is
the electron (positron) energy. After nX0 there are 2
n particles each with an
energy of E0/2
n in average, where E0 is the energy of the primary γ. The
process stops when E0/2
n = Ec. At this point we have the maximal de-
velopment of the shower, with a number of particles Nparticles = 2
nmaxE0/Ec
proportional to E0, while the total length of the shower is








Moreover the total length of e+e− tracks results to be proportional to
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E0. Width of the shower is, instead, characterized by the Molie`re radius
rM = EMX0/Ec, where EM = 21 MeV, that does not depend on E0. About
99% of the total energy is enclosed inside 3rM. We summarize the simpliﬁed









rM = (21 MeV) · X0Ec
(1.6)
Figure 1.7: (left) Schematic representation of an electromagnetic shower
started by a high energy γ photon. (right) Simulated electromagnetic and
hadronic showers at 1 TeV; diﬀerences in their shapes can be seen.
Figure 1.8 represents the simulated particles number along the longitudi-
nal (left side) and lateral (right) development of an electromagnetic shower.
This simpliﬁed representation explains the basis of how can be done the
primary γ identiﬁcation through the shower image reconstruction. In fact
charged particles produced in the particle shower are relativistic, in partic-
ular their speed v is greater than the speed of light in the matter c/n, or
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Figure 1.8: Particle production along the longitudinal (left) and lateral
(right) development of an electromagnetic shower.
alternatively β > 1/n ≡ βmin with β ≡ v/c and n is the index of refrac-
tion, therefore emit visible and UV light by the Cherenkov eﬀect. Cherenkov
light is produced by the inducted asymmetric polarization of the particles
surrounding the relativistic charged particle, generating a shock electromag-








Figure 1.9: Schematic simpliﬁed representation of Cherenkov light emission
process: for a non-relativistic particle the induced polarization of surrounding
particles is symmetric (a); for a charged particle whose β > 1/n the induced
polarization is asymmetric (b), therefore the angle for a coherent emission
(c) is cos θ = 1
βn
.
Summarizing the main requests to have Cherenkov light emission
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Figure 1.10: Schematic view of IACT technique. On the right is represented















where me is the electron rest mass.
The number of photons emitted by a particle of charge ze per unit path












where α is the ﬁne structure constant. Integrating between two wave length
boundaries, and ignoring the index of refraction dependency on λ, we obtain
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Figure 1.11: Cherenkov spectrum including Rayleigh and Mie absorption.
Formula (1.9) does not take into account atmospheric absorption. Fig-
ure 1.11 shows the simulated Cherenkov spectrum observable at ground after
Rayleigh and Mie absorption.
The Cherenkov light produced by the charged particles of the air shower
is collected at ground by the reﬂecting surface of the IACT and focused
on the telescope camera. The reﬂecting surface is usually structured on a
parabolic shape which has the property to convert angles, i.e. the direction
of the shower, into points on the camera. This means that direction discrim-
ination is possible, in particular if the electromagnetic shower is coaxial to
the telescope its image on the camera is pointing toward the center of the
camera itself, and thus allows easy discrimination of point sources. Being






→ θ  1◦ (1.10)
where n(λ) is the reﬂecting index of the medium, λ the emitted light wave
length, β = v/c that for an ultra relativistic particle is  1. For visible and
near UV light n  1.0003 and thus the typical Cherenkov angle in atmosphere
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is about 1◦. This means that there is a useful impact parameter, the distance
between the point of impact of the shower axis at ground and the telescope,
for the observation of γ-rays beyond which the eﬃciency of detection drops
down, and is thus strictly connected to the telescope eﬀective area. Typically
the maximal useful impact parameter for a IACT lies between 300 and 400 m
depending on the zenithal angle. Figure 1.10 shows a schematic view of this
IACT technique.
1.2.2 Hadronic and Cosmic Electron Showers
Not only high energy photons can start a particle shower when interacting
with the atmosphere, but also charged particles like Cosmic Rays can do.
Hadronic nuclei of Hydrogenum, Helium and other heavier elements, in fact,
can strongly interact with hadronic nuclei of atmospheric particles, producing
a particle shower quite eterogeneous (π0, π+/−, µ, p, n, ν, . . . ). Cosmic Rays
composition depends on energy, but globally is made at 90% by protons, at
9% by alpha particles (Helium nuclei) and at 1% by heavier nucleons.
Hadronic showers are the main actual background for IACT in the de-
tection of γ-rays, but fortunately their shape is quite diﬀerent from the elec-
tromagnetic ones. In hadronic showers, in fact, occur mainly hadronic in-
teractions that can have large transversal momenta; moreover hadronic in-
teractions can produce many neutral particles (n, ν, π0) that do not produce
Cherenkov light. Therefore, while electromagnetic showers have a regular
long and narrow shape, hadronic showers usually have an irregular larger
shape, with possible multiple clusters due to the presence of neutral par-
ticles. Figure 1.7 displays on the right side an example of two simulated
atmospheric showers, one started by a 1 TeV γ photon and the other started
by a 1 TeV nucleon. Diﬀerences in their shapes can be seen. Actually also
hadronic showers can have an electromagnetic component due to the decay
of π0 → γγ identical to the electromagnetic showers of the γ source, a part
for the random direction. Moreover in hadronic showers many muons are
present due to the weak decay of charged pions π± → µ± + νµ(νµ) or of
charged kaons K± → µ± + νµ(νµ); muons, diﬀerently from γ particles and
e+e−, do not start a particle shower because of their mass two order of mag-
nitude bigger than the one of lighter leptons e+e− which avoid an eﬃcient
energy loss by Bremßtrahlung, but instead produce as image on the camera
a regular ring typical for the single particle Cherenkov emission. Figure 1.12
shows six examples of images of diﬀerent kind of particle showers.
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Electromagnetic showers can be produced not only by γ particles com-
ing from space and from the decay of π0, but also by cosmic electrons, free
electrons coming from cosmos as well as Cosmic Rays, even if their origin
is probably diﬀerent. Cosmic electrons produce electromagnetic air showers
identical to the ones produced by γ particles of the same energy, and thus
indistinguishable. The only possibility to reject them is by the direction dis-
crimination. Cosmic electrons, in fact, are almost isotropically distributed
(the Earth magnetic ﬁeld aﬀects their angular distribution), then direction
discrimination can reject the very most part of them in a point source detec-
tion.
1.2.3 Image Reconstruction
As described in §1.2.1 there is an observable connection between the primary
γ energy and the shape of the related particle shower. Figure 1.10 shows
how the Cherenkov light produced by the particle shower is focused on the
telescope camera. Then the standard analysis and reconstruction of the
image of the shower consists in the so called Hillas Analysis [10]. The shapes
of the shower images are parametrized by the momenta, up to second order,
of the light distribution on the camera. This set of parameters, the so called
Hillas parameters, are used to characterize the image itself (see ﬁgure 1.13).
Standard Hillas parameters are summarized in table 1.1. Moreover some
other parameters, not present in the Standard Hillas Analysis being not
related to the image momenta, are calculated from the image and taken into
account in order to better classify the shower itself.
We would like to point out that the Alpha parameter is the parameter
discriminating the coaxial (with the telescope) development of the shower,
and therefore is the main discriminating parameter, after a previous γ-hadron
separation on other parameters, for γ events from a point-like source.
1.2.4 Energy Threshold
The energy threshold for a IACT is strictly connected to the possibility to
trigger small signals over the Night Sky Background (NSB). IACTs have a
Photon Multiplier Tubes (PMTs) composed camera which detect photons
from the Cherenkov ﬂash produced by charged particles of the air shower.
This Cherenkov signal is acquired over a Night Sky Background signal. By
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Figure 1.12: Diﬀerent shower images acquired by the MAGIC Telescope on
Crab Nebula on 13th September 2004 (a,b,f ) and on Mrk501 on 25th June
2005 (c,d,e). Candidate γ particles (a,b) have a nice long and thin image
pointing toward the center of the camera; candidate hadrons (c,d,e,f ) have
irregular shape, with possible multiple islands (d,e); muon rings can also be
seen (e,f ).
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Figure 1.13: Ellipse obtained in Standard Hillas Analysis from the calcula-
tion of the image momenta. Corresponding Hillas parameters are used to
characterize the shower shape.
the way there are few features of Cherenkov light that enhances the possibil-
ities to detect the signal from the air shower:
1. the Cherenkov ﬂash is short ( 5 ns) therefore the integration time can
be very short;
2. the Cherenkov ﬂash is beamed ( 1◦);
3. Cherenkov light peaks at short wave lengths (blue/UV) while Night
Sky Background light peaks at longer visible wave lengths.
Moreover the number of Cherenkov photons produced by the air shower
is proportional to the energy of the primary γ. In fact, from formulas (1.6)
and (1.8), here requiring that λ1 and λ2 are limited by Rayleigh and Mie
absorption, we infer that the Cherenkov photon density at ground is approx-
imatively proportional to the energy of the primary γ particle.
Then we can write the Cherenkov signal measured by the detector as
S = ργA ∝ EA (1.11)
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HILLAS PARAMETERS
Lenght ellipse major axis
Width ellipse minor axis
Size number of photons of the image
Delta angle between the major axis of ellipse and the camera
X axis
MeanX X-coordinate of ellipse center
MeanY Y-coordinate of ellipse center
Dist distance between the center of ellipse and the source
position
Asymmetry Dist minus the distance between the highest charged
pixel and the source position
3MLong 3rd moment along major axis
3MTrans 3rd moment along minor axis
Alpha angle between the ellipse major axis and the line con-
necting the image baricenter to the source position
NON-HILLAS PARAMETERS
Conc concentration ratio, sum of two highest pixels divided
by Size
Leakage number of photons in most outer ring divided by Size
Number of island number of distinct islands in shower image
Size of main island size of the main island of the image or of the image itself,
if just one island is found
NumSatPixelsHG number of saturating pixels in high gain channel†
NumSatPixelsLG number of saturating pixels in low gain channel†
Table 1.1: Hillas and non-Hillas parameters calculated from the ellipse over
the shower image. † see §1.3.5 for explanation.
where ργ is the Cherenkov photon density at ground, A is the reﬂecting
surface area and  is the quantum eﬃciency of the PMTs. We estimate the
energy threshold from the signal to noise ratio. We can write the noise level
as:
N = ΦNΩAτ (1.12)
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where ΦN is the Night Sky Background light ﬂux, Ω the solid angle seen by
the single PMT and τ the integration time of the front-end electronics. The












Deﬁning the energy threshold as the minimum energy to trigger a signal
with a certain signiﬁcance S/
√






Of course this is a simpliﬁed modeling just to explain how does the energy
threshold go with IACT technical speciﬁcations. Dependence of  upon the
wave length has been ignored, but is not important for our purpose. We want,
instead to point out that the reﬂecting surface area, as well as the quantum
eﬃciency of PMTs, reduces the energy threshold. This fact is the main reason
for the choice to develop a 17 m ∅ telescope against the traditional IACTs
of 10 m ∅.
1.2.5 Sensitivity
The sensitivity of a γ-ray astronomy instrument is deﬁned operationally as
the ﬂux, of a Crab-like shaped spectrum, observable at 5σ of signiﬁcance
in 50 hours of observation. This is the fraction of the Crab ﬂux observable
under these conditions. The signiﬁcance of a signal is connected to the prob-
ability to have a ﬂuctuation of the background of the same amplitude as the
detection. The calculation of the signiﬁcance is, of course, dependent on the
model used for the background and on the statistic assumed, but to under-
stand it we can assume a poissonian distribution of background events and
of signal events as well. We collect from the source Non photons for a certain
time ton, then we collect from an oﬀ-source observation Noﬀ photons for a
certain time toﬀ . We call α = ton/toﬀ the ratio between the on-source and
the oﬀ-source observation time. We can estimate the number of background
events in the on-source data as αNoﬀ and the excess in the on-source sample
as NS = Non − αNoﬀ . Since on-source Non and oﬀ-source Noﬀ counts are
independent measurements, the variance of the calculated excess is






The signiﬁcance is deﬁned as the ratio between the excess above the








This is a simpliﬁed calculation of a signiﬁcance. A more reﬁned statistical
treatment to compute the signiﬁcance is given by the Li&Ma method [12].




φ(E)Aeﬀ(E) dE × ton (1.17)
where φ(E) is the source ﬂux (ph cm−2 keV−1 s−1) and Aeﬀ(E) is the eﬀective
area. The corresponding Crab-like ﬂux φ5σ(E) providing 5σ of signiﬁcance
in 50 hours of observations is the telescope sensitivity. There is a dependence
of the eﬀective area on the zenith angle. In fact, at large zenith angles there
is a double eﬀect:
• the useful impact parameter, the distance between the telescope axis
and the particle shower axis, increases because the distance where the
particle shower develops is higher, because of the thicker atmosphere
within;
• the greater distance increases also the atmospheric Rayleigh and Mie
absorption, therefore the Cherenkov light is more attenuated, and this
eﬀect is much more evident in small events than in large ones.
At large zenith angles, then, there is an increase of the eﬀective area
(ﬁrst point) and a strong attenuation of the small images signal (second
point), determining an increase of the energy threshold. The sensitivity is
thus aﬀected in the same way. Figure 1.14 shows the calculation from Monte
Carlo and the corresponding measurement from Crab data of the MAGIC
sensitivity at diﬀerent zenith angles.
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Figure 1.14: MAGIC sensitivity calculated from Monte Carlo (lines) and
measured from Crab data (triangles) at diﬀerent zenith angles. It can be
seen the eﬀect on lower and higher energies due to the large zenith angles.
Picture from [11].
1.3 The Telescope
The MAGIC Telescope is a IACT installed at the Roque de los Muchachos,
a vulcan in La Palma, Canary Islands - Spain, at an altitude of 2200 m
a.s.l. The site has been chosen according to some requirements for an opti-
mal Cherenkov observation: the climate is very dry, in normal conditions is
common to have the relative humidity of the air below 10%, and the air is
cleaned from heavier particles, so there is a low Rayleigh and Mie diﬀusion,
very important point for observations of Cherenkov light in the 290-700 nm
wave length range; there is a low natural diﬀuse background light, like auro-
ras, as well as low artiﬁcial diﬀuse light, like urban luminosity; moreover the
cloud coverage of the sky is less than 15% during the year.
In this section we present the details of construction of the Telescope.
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1.3.1 The Main Structure
The two main technological goal of the MAGIC Telescope experiment are
a very low energy threshold at trigger level and a very fast slewing time.
Therefore the telescope design was focused on building a telescope with a
very large reﬂecting surface, 17 m ∅ against the typical 10 m ∅ of previous
IACTs in order to have an energy threshold of 30 GeV, as well as with a
very light structure in order to have low weight and low inertial momenta. A
tubular carbon ﬁber structure has been chosen since it provides a light and
rigid main frame of the telescope weighting only 40 tons. Figure 1.15 shows a
picture of the structure of the telescope taken during its construction phase.
Figure 1.15: (left) The MAGIC Telescope during its construction phase, the
tubular carbon ﬁber structure can be seen. (right) The MAGIC Telescope
at the end of its construction phase, July 2004.
The telescope is mounted on an alt-azimuth structure and the movement
is guaranteed by by two motors on the azimuthal axis, over a circular base-
ment, and one motor on the zenithal axis. A large tubular carbon ﬁber
structure of 17 m ∅ provides the support for the reﬂecting surface, while the
camera is supported at 17 m distance from the reﬂecting dish by another
tubular structure. The reﬂecting surface is made aluminum reﬂecting panels
(see §1.3.2), much lighter than the traditional glass mirrors, in a chess board
fashion.
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1.3.2 The Reflecting Surface
The reﬂecting surface is installed on a 17 m ∅ tubular carbon ﬁber structure,
very light and rigid. A careful design work has been performed by the collab-
oration in order to reduce as much as possible inertial momenta, according
to some rigidity requests. The total weight of the whole dish structure plus
the nearly 1000 mirrors, once installed, is about 9 tons, and can resist to
winds stronger than 165 m s−1 limiting deformations of its curvature radius
within 3.5 cm, according to numerical simulations [13].
An Active Mirror Control (AMC) system has been designed to correct
for possible additional deformations the reﬂecting surface. Mirrors, in fact,
are not installed directly on the tubular dish but on panels grouped by four.
Each panel is moved by three steps motors in order to ensure a correct
focusing of the telescope and houses a laser diode which points to a nominal
position. The alignment is software controlled by a CCD camera that records
the position of the laser spots on the telescope focus plane. Figure 1.16 shows
a picture of MAGIC taken during a foggy night where the lasers are easily
seen.
Figure 1.16: (left) AMC lasers can be seen thanks to a foggy day. Each laser
is pointed to the Telescope camera at nominal position. (right) A detail of
AMC lasers on panels.
Panel alignment is a quite long procedure. A CCD camera installed in
the center of the telescope dish registers the individual panel laser position
over the telescope camera, then a dedicated software compares it with the
nominal one and operates the step-by-step motors to apply corrections. This
is done on a single panel basis via serial communication. The complete AMC
alignment takes about 5 minutes and must be done every time there is a
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considerable variation in the zenithal angle of the pointed source. Standard
corrections can be previously recorded as function of zenithal and azimuthal
angle into Look Up Tables (LUT), in order to apply fast corrections in all
cases when the standard AMC laser adjustment requires a longer time than
the signal to observe, like GRB alerts. An AMC LUT adjustment, instead,
takes about 2÷ 3 s to apply a standard correction to AMC panels position.
The reﬂecting surface is made by about 1000 square mirrors whose di-
mensions are 50 × 50 × 2.5 cm. These mirrors are built in aluminum and
assembled in a “sandwich” scheme as displayed in ﬁgure 1.17:
• the reﬂecting mirror is obtained from an aluminum square panel;
• the mirror is contained into an aluminum box ﬁlled with an aluminum
honey comb in order to provide rigidity to the whole mirror;
• four aluminum inserts are applied directly on the honey comb, and will
be screwed on the AMC panel;
• an electric circuit provides mirror heating in case of icing on the surface
and is applied just below the reﬂecting board;
The reﬂecting panel is ﬁrst roughly milled in the machine shop Istituto
Nazionale di Fisica Nucleare laboratory in Padova and diamond milled at LT
Ultra Precision, Aftholderberg, Germany.
All components are kept together by a laminar glue applied between all
couple of components. This glue needs to be heated under pressure inside
a pressure oven to stick components. Finally the milled reﬂecting surface is
coated with a ceramic material under vacuum to provide hard and long pro-
tection against atmospheric agents. Figure 1.18 shows a plot of the measured
reﬂectivity on a sample of reﬂecting surface.
1.3.3 The Drive System
As explained in §2.2 Gamma Ray Bursts are short transient phenomena, with
durations of the order of few seconds up to some minutes
One of the main goal of the MAGIC experiment is to achieve a very short
slewing time. Despite the light design of the telescope structure that allows
to have small inertial momenta, a powerful tracking system is needed to be
able to move 40 tons weight telescope with suﬃcient speed to point a the
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Figure 1.17: A mirror during its “sandwich” building procedure: (a) the
aluminum honey comb with the four inserts, to be screwed onto the AMC
panel, already applied; (b) the honey comb is inserted into the aluminum
box with a layer of laminar glue within; (c) the mirror heating electric layer
is applied; (d) ﬁnally the 50× 50 cm aluminum board is pushed as cover for
whole mirror box; this aluminum board will be milled to become the actual
reﬂecting surface.
GRB position during its prompt phase, and to provide a pointing accuracy
within the Point Spread Function (PSF) on a γ point-like source, commonly
in the range 6÷ 3 arcmin.
Figure 1.19 shows a scheme of the tracking system. It is based on three
11 kW servo motors, two for the azimuthal rotation and the third for the
zenithal movement. Azimuthal motors are sincronized in a master/slave
mode according to their nominal torques. The positions of the three motor
are read out by three related 14 bit absolute shaft encoders, and controlled
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Figure 1.18: Measurement of the reﬂectivity on a sample of reﬂecting surface.
It remains quite close to a 90% value.
by three related Power Supply Units (PSU) which are operated by microcon-
trollers, one for the two azimuthal and one for the zenithal PSU, communi-
cating via CANbus with a Master Control Program (MCP) on a computer.
A feedback of motors position and speed is possible thanks to a CANbus
communication of the three shaft encoders with the MCP.
Figure 1.20 shows six snapshots of the MAGIC Telescope during a fast
movement test where the telescope is making a complete rotation around the
azimuthal and zenithal axis in about 20 s. This implies that the Telescope,
in case of a GRB alert, can slew and reposition itself in less than 20 s in
average.
1.3.4 The Camera
The telescope camera is built by an array of 576 photomultiplier tubes (PMT)
distributed on an exagonal structure as shown in ﬁgure 1.21. The photo-
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Figure 1.19: Schematic representation of the drive system. Elements inside
the grey zone are installed in the Telescope, the other are in a container close
to the Telescope.
multipliers tubes are manufactured by the Electron Tubes company with
borosilicate hemispherical window and rubidium-bialkali photocatodes, the
inner ones are 1 in ∅ (ET9116A) while the outer ones are 2 in ∅ (ET9117A).
Hexagonal Winston cones are glued in front of the PMTs to increase the
light collection capability. Thanks to their exagonal arrangement the PMTs
uniformly cover the camera plane with minimum blind area.
The coating with a Wave Length Shifter (WLS) material is necessary
to exploit also UV wave length of air shower Cherenkov spectrum. The
borosilicate window, in fact, has a spectral cut-oﬀ at about 310 nm, while air
showers Cherenkov spectrum observable at ground extends down to 290 nm.
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Figure 1.20: Snapshots of the MAGIC Telescope moving fast taken at T= 0,
5, 10, 15, 20 and 25 s. In about 20 s the Telescope makes a complete rotation
around zenithal and azimuthal axes.
A WLS has the property to absorb at a certain wave length and to re-emit
at another one, in particular for our purpose the WLS has to absorb wave
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Figure 1.21: Camera layout.
lengths below ∼320 nm and re-emit at longer wave lengths in the range at the
maximal quantum eﬃciency. Moreover the hemispherical shape of the coated
window allows the scattered photons to cross twice the photocathode, thus
increasing the conversion probability. The obtained ﬁnal quantum eﬃciency
is higher than 30% [14], and thus to reduce the energy threshold according
to formula (1.14).
Figure 1.22 shows on the left a picture of two sized hemispherical coated
PMTs installed in the MAGIC camera, and of the right the mean quantum
eﬃciency for all PMTs. It can be seen that it stays above a value of 20%,
reaching also 30%, for a wide useful wave length range.
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Figure 1.22: (left) Picture one inner and one outer PMT of the Camera.
(right) Mean quantum eﬃciency of 576 PMTs of the camera.
1.3.5 The DAQ
The Data Acquisition System (DAQ) acquires the output signal from PMTs
in case of a trigger events. Trigger selection of events is described later in
§1.3.6. Figure 1.23 shows a diagram of the DAQ architecture. Signals from
the PMTs are ampliﬁed inside the camera enclosure and transmitted over
162 m long optical ﬁbers using Vertical Cavity Emitting Laser Drivers (VC-
SELs, 850 nm wavelength) to reduce weight and size compared to standard
copper cables and to minimize electromagnetic noise on the lines. In the elec-
tronics room the signal arrives to the receiver boards where it is split into
two branches: the ﬁrst branch passes through a software adjustable thresh-
old discriminator that generates a digital signal for the trigger system, this
is considered as the level 0 trigger; the second branch is stretched to ∼6 ns
FWHM, ampliﬁed and sent to the readout system for digitization, the Fast
Analog to Digital Converter (FADC) boards.
The analog signal undergoes a further conditioning in high gain and low
gain mode, depending on the amplitude of the signal itself. The ratio between
high gain and low gain is 10. The high and low gain signals are delayed in
such a way to digitize both in the digital memory of the FADC board.
The FADC boards are grouped by eight into four racks. The data ﬂow is
stored into a ring buﬀer, a memory with circular address structure. In case
of a valid trigger, an FPGA selects the address range in the ring buﬀer to be




































Figure 1.23: Simpliﬁed general diagram of the DAQ system.
transferred for disk storage.
1.3.6 The Trigger
The MAGIC telescope has to trigger on fast (∼ 5 ns) and compact images
from air shower Cherenkov light. The design target to lower the energy
threshold implies also the reduction of the discriminator threshold that brings
an increase of the single pixel rate. Therefore an eﬃcient trigger strategy
must be organized according to timing and topology considerations.
MAGIC Trigger is structured in two main stages: Level 1 (L1) and Level 2
(L2). Actually an initial Level 0 (L0) stage is installed at the beginning of
the trigger chain which consists in a discriminators array.
Only the 325 PMTs in the camera innerregion are connected to the trigger
system and are organized in 19 exagonal macrocells of 36 pixels each as
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Figure 1.24: Trigger macrocells over the camera.
shown in ﬁgure 1.24. The L1 and L2 triggers can look for topologies of
neighbor adjacent pixels inside every macrocell, so these 19 macrocells can
be organized with a large overlap in order to reduce the probability events
could fall outside the trigger region because of border eﬀects.
The L0 trigger compares pixel per pixel if the number of photoelectrons
is above a given threshold. If so the related pixel is considered by the fol-
lowing trigger chain as “ﬁred”, and therefore used for timing and topology
considerations.
The L1 trigger looks over the ﬁred pixels for simple patterns, according
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Figure 1.25: (left) Compact pixels topologies considered by L1. (right) Data
ﬂow over LUTs in a smart board of L2.
to a particular next-neighbor logic, in fast (2 ÷ 5 ns) coincidence. Possible
topologies are the so called 2-3-4-5 compact pixels displayed in ﬁgure 1.25.
The L1 trigger can apply a drastic reduction of background light, Monte
Carlo studies have estimated NSB rejection to be over 90% at 60 GeV energies
[15]. The input rate per pixel is of the order of 1 MHz, depending on the
discriminator threshold, while the output trigger rate is of the order of 1 kHz.
The implementation of the L1 is done through Programmable Logic De-
vices (PLDs) that look for boolean sums of coincidences among pixels all
over 19 macrocells within a time window of ∼4 ns. The combinations of n
neighbor pixels (n=2–5) are computed by equations directly implemented in
the programmable logic devices. The choice between one of the four mul-
tiplicity conﬁgurations is remotely selected by software. When the selected
multiplicity condition is satisﬁed by any of the trigger macrocells, the signals
in a ∼20 ns window around the original trigger time are stretched to ∼50 ns
width and transmitted to the second level trigger for further selection. The
overall time delay introduced by the L1 is less than 50 ns.
The L2 trigger looks for more sophisticated topologies in the overall trig-
ger region. The information of every trigger macrocell is distributed over
three diﬀerent 12-bit Look-Up Tables (LUT). Inside each LUT any possible
pixel combination can be checked, and then merged into a fourth LUT for
a global analysis of the image over the macrocell. The second level trigger
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Figure 1.26: Trigger Level 2 general architecture.
is made by VME programmable boards, called SMART. A ﬁrst stage of 19
boards is directly interfaced to the Level 1 boards where the original infor-
mation of the 37 pixels is split into three groups of 12 channels, mapped in
static memories or LUT. One pixel is not mapped by the electronics (“blind
pixel”) for design choice and it is shown in ﬁgure 1.25 on the right as a black
ﬁlled hexagon. Each LUT is made by a 4 kbytes static memory in which
the 12 address bits are directly connected to the inputs. A given input con-
ﬁguration corresponds to one memory address whose 5 least signiﬁcant bits
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are grouped with those coming from the other two LUTs to form a 15-bit
word that is feeded into the fourth LUT, as shown in ﬁgure 1.26, for the
recognition of patterns inside the board. The board decision is ﬁnally coded
in a 6-bit output word. Several outputs can be fed into the next SMART
boards in order to propagate the information downstream the Level 2 trig-
ger. The SMART memories are freely programmable and there isn’t a unique
way of encoding their contents. However, the output word has to carry the
signals of the Level 1 and calibration triggers and to transfer the information
of large images spread over several macrocells. The programming of every
board is deﬁned by a set of logical equations that are interpreted, translated
into truth tables and downloaded into the memories. The total information
recorded in the Level 2 trigger memories is over 1 Mbyte and is downloaded in
about 10 s, fast enough to re-conﬁgure the system in case of sudden Gamma
Ray Bursts alerts. The typical transition time of a SMART board is ∼60 ns
and the global Level 2 trigger decision is taken in less than 400 ns. The
Level 2 trigger decision is ﬁnally coded in an 8-bit word that is sent to the
VME prescaler board and to the Flash ADC system for event acquisition.
In the prescaler board, every trigger bit can be individually prescaled by 16-
bit counters. The board can disable the triggers when the data acquisition
system is busy (“dead time”). The prescaler board also writes the trigger
pattern information in two 8-bit words, one of them keeping the original trig-
ger pattern information for debugging and analysis purposes. Twelve lines
of the last SMART board are reserved for utility signals, like random trig-
gers or dedicated signals coming from the calibration system, as shown in
ﬁgure 1.26. Since these signals are entering in the Level 2 trigger, calibration
or pedestal triggers can be selected together with shower triggers to calibrate
and monitor the experiment during data taking. In order to monitor eﬀec-
tively the telescope behaviour, the rates of individual pixels are measured by
ﬁve custom VME scaler boards. Every board houses an Altera EPF10k200
FPGA to measure simultaneously the rates of 80 LVDS/TTL channels with
32-bit counters, up to a maximum frequency of 100 MHz. Two 64-bit special
registers are used to measure the experiment live and dead times with 25 ns
accuracy. The trigger system can be remotely programmed by a dedicated
CPU located in the Level 2 VME crate. The pipeline architecture reduces
the system dead time practically to zero. The re-arming time of Level 1 is
the only source of dead time but it can be ignored since it is 0.01% at 1 kHz
(only 7% at 1 MHz!).
The Level 2 trigger can apply a strong further reduction of background
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Figure 1.27: Trigger rates for diﬀerent kinds of trigger. PS2 by level 2 trigger
can keep more down and stable the trigger rate even with low discriminator
thresolds.
triggered events keeping a reasonable trigger rate even with low discriminator
thresholds applied. Figure 1.27 shows a plot of the trigger rate versus the
discriminator threshold for diﬀerent trigger typologies. It can be seen that
the L2 keeps more stable the trigger rate than the simple L1 trigger topologies
for low discriminator thresholds, and thus allows to reject background even
at low energies (small and weak air showers).
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Chapter 2
Gamma Ray Bursts
Gamma Ray Bursts are short and intense emissions of gamma rays with
energies above few keV coming from outer space. They were discovered in
the ’60s by the military Vela satellites (ﬁgure 2.1), that were launched in
October 1963 by the US Air Force. Their aim was to keep under control the
nuclear test ban treaty, a treaty of non-proliferation of nuclear tests signed by
the USA and the Soviet Union. In case of a nuclear explosion in space, in fact,
they would have been sensitive to the X-ray ﬂash generated by the nuclear
blast. Moreover, they were sensitive to the gamma radiation that would have
resulted from the radioactive clouds coming out the nuclear blast. This would
have revealed possible nuclear explosions behind very thick shields, like the
Moon for example, which would have absorbed the X-ray radiation. This
cloud, in fact, would not have been totally shielded because of its expansion.
During their operations they triggered several events which were not clearly
nuclear explosions, but were of “cosmic origin”. In 1973, this discovery was
announced in Ap.J. letters by Klebesadel, Strong, and Olsen. Their paper
discusses 16 cosmic gamma-ray bursts observed by Vela 5a,b and Vela 6a,b
between July 1969, and July 1972 [16].
After their discovery, a powerful campaign of observations on GRBs was
performed by the Compton Gamma Ray Observatory1 (CGRO) during the
’90s (ﬁgure 2.2a). The observatory was launched on April 5, 1991 aboard
the Atlantis space shuttle, and deorbited on June 4, 2000. It was a space-
based observatory with four experiments for gamma-ray astrophysics (see
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Figure 2.1: a) Picture of Vela-5b satellite in low Earth orbit. b) First event
recorded by Vela-4a,b on July 2, 1967.
tillation Spectrometer Experiment3(OSSE), the Burst And Transient Source
Experiment4 (BATSE) and the Energetic Gamma Ray Experiment Telescope5
(EGRET). All of these four experiments were dedicated to the study of
gamma-ray sources, for an overall energy coverage ranging from 20 keV to
about 30 GeV. In particular BATSE was dedicated to the monitoring and to
the study of GRBs, being capable to perform an all sky (4π sr) survey of in
the keV energy range, more precisely from 25 keV to 2 MeV. It consisted in
eight modules located on the satellite corners, each one equipped with two
NaTl scintillation detectors: a Large Area Detector (LAD) optimized for sen-
sitivity and directional response and a Spectroscopy Detector (SD) optimized
for energy coverage and energy resolution. BATSE was able to detect 2704
GRB during nine years of operation, many of them were also detected by
one or more of the other instruments installed on CGRO, in a wider energy
range then BATSE. Thanks to the observation by BATSE and the CGRO
instruments in general, many questions regarding these misterious gamma
sources could be solved for the ﬁrst time, even if their real origin, as well as
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Figure 2.2: a) Picture of the Compton Gamma Ray Observatory during its
deployment. b) Schematic view of CGRO with its four instruments.
2.1 GRB Angular Distribution
Thanks to a 4π ﬁeld of view, BATSE could detect a total of 2704 GRBs
observer in nine years of operations, corresponding to a daily average of 1÷2
GRBs. With this high statistics, several features of Gamma Ray Bursts
could be studied in detail, in particular their distribution, which resulted to
be isotropic thus suggesting their cosmological origin. Figure 2.3 shows the
GRB distribution for the whole BATSE GRB population. Isotropic distri-
bution has been studied in detail in [18] for the ﬁrst 1005 GRBs, and has
been cross-checked over the whole 4th BATSE (4B) catalog by the candidate
(see Appendix A). Their isotropic distribution has also been checked for
diﬀerent subsamples selected by their time duration, energy, spectral hard-
ness and diﬀerent period of BATSE operation, always showing no deviation
from an isotropic distribution. Table 2.1 shows the results for the dipole
and quadrupole momenta for some of these GRB samples. Pearson and Kol-
mogorov tests has also been performed in order to check the isotropy hypote-
sis. Details for this hypotesis test as well as for the dipole and quadrupole
momenta calculation are presented in Appendix A.
2.2 GRB Duration and Temporal Profile
GRB duration can vary a lot, up to six orders of magnitude, from few mil-
liseconds to thousands of seconds. The proper deﬁnition of GRB duration
has been deﬁned by BATSE team with the operative concepts of T90 and
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Figure 2.3: Isotripic distribution of 2704 BATSE Gamma Ray Bursts.
〈cos θ〉∗ 〈sin2 b− 1
3
〉† 〈sin δ〉‡ 〈sin2 δ − 1
3
〉‡
4B 0.006± 0.111 0.084 ± 0.099 −0.009± 0.118 0.052± 0.099
T90 <2 s −0.033 ± 0.369 −0.096± 0.337 −0.003± 0.369 0.061± 0.348
T90 >2 s 0.008± 0.114 0.078 ± 0.100 −0.015± 0.118 0.050± 0.100
F < 10−6 erg/cm2 0.043± 0.236 0.091 ± 0.207 0.016 ± 0.251 0.039± 0.261
F > 10−6 erg/cm2 −0.021 ± 0.146 0.078 ± 0.133 −0.024± 0.162 −0.058 ± 0.133
Table 2.1: Galactic (†) and equatorial (‡) dipole and quadrupole momenta for
the whole 4B catalog and for other four subsample selected by duration and
total ﬂuence (see §2.2 for deﬁnition of T90 and of ﬂuence F ), b is the galactic
latitude, δ is declination. (∗) θ is the angle between the GRB position and
the galactic center with respect to the observer. Errors refer to the single
data, not to the sample mean.
T50, as the time during which there is respectively the 90% and 50% of the
emission by the GRB, actually from 5% to 95% and from 25% to 75% of the
total ﬂuence. Fluence is deﬁned as the integral energy ﬂux over time and
energy:
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F =
∫∫
Eφ(E, t) dE dt (erg cm−2) (2.1)
where φ(E, t) is the observed ﬂux (ph cm−2 s−1 keV−1). The shortest GRB
has a duration of 5 ms [20], while for GRB940217 (see ﬁgure 2.5) a high
energy emission 4500 s after the trigger [21] has been observed. This last
burst is of particular interest, not only for its long duration, but also because
of an exceptional late emission of a 18 GeV photon. Figure 2.4 shows the
distribution of T90 and T50 for a sample of about 2000 GRB form the 4B
catalog. From these distributions it is possible to divide GRBs in two big
categories, short and long GRBs, having respectively a T90 < 2 s and a
T90 > 2 s [19]. The ratio between long and short GRBs is about 3 to 1. The
origin of this bimodal distribution has not been understood yet, but seems
to be related to diﬀerent burst engines.
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Figure 2.4: T90 (left) and T50 (right) distribution for a 2041 GRB sample out
of the 4B catalog. Both deﬁnitions of duration present a bimodality in their
distribution, splitting GRBs into two big families, short (T90 < 2) and long
(T90 > 2) bursts.
No repetition has been seen on GRBs apart from a strange quadruplet
GRB961027a, GRB961027b, GRB961029a and GRB961029b, which have
been observed in the same region of the sky within just a couple of days.
In the case they could be related to the same source, they would be the hint
for a possible GRB source yielding a continuous gamma production in the
order of days [23].
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Figure 2.5: GRB940217, a 18 GeV photon has been observed by EGRET
∼4500 s after BATSE trigger. This is the longest prompt emission seen on a
GRB.
The time proﬁle of GRBs is very irregular and varies a lot from observa-
tion to observation. In particular the GRB light curves do not show a smooth
proﬁle but a spiky one, with a time variability N ≡ T/δT which is connected
to the intrinsic features of the burst itself (see §3.1). GRB time proﬁles have
been well studied in [24] over a sample of BATSE GRBs. Pulses have been
ﬁtted with a parametrized exponential function both for the leading and the
trailing edges:
I(t) = A · exp [−(|t− tmax|/σr)ν ] t < tmax ,
= A · exp [−(|t− tmax|/σd)ν ] t > tmax (2.2)
where tmax is the pulse peak time, A is the normalization factor and σr,
σd and ν are the rise time, the decay time and the pulse sharpness, called
peakedness. This parametrization allows for a large ﬂexibility in describing
the great variety of pulse shapes. This analysis has been carried on the four
BATSE energy channels, to understand how the pulse shape behaves with
energy. Figure 2.8 shows a clear softening as well as pulses width reduces
with energy. The pulses shape remains approximatively the same in the
20 keV - 2 MeV energy range. Peakedness ν as well as the ratio σr/σd is
constant in the four BATSE energy channels within ﬂuctuations.
The pulse shapes show enough similarities that a single power law relation
describes well the pulse behaviour in all four energy bands [24]:
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Figure 2.6: Lightcurves for four diﬀerent GRBs from the 4B catalog. Note




We have already seen that the pulse width changes with energy, showing
a clear decrease at higher energies, as stated also in [30], [31] and [28]. From
equation (2.2) pulse width W can be written as:
W = (σr + σd) ln (2)
1
ν (2.4)
Fenimore et al. (1995) [28] derived the pulse width dependence with
energy, obtaining:
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Figure 2.7: Temporal proﬁle of GRB920627, BATSE trigger number 1676.
T90  60 s, δT  1 s, N  60.







A good phenomenological description of GRB spectrum at keV-MeV energies
has been presented in [25] over BATSE data. The primary spectral form used
to ﬁt GRB data is the Band function, which consists in two smoothly joined
power laws:
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Figure 2.8: Temporal proﬁle of GRB920627, BATSE trigger number 1676,
in the four BATSE energy channels.









if E < (α− β)Epeak/(2 + α) ≡ Ebreak , and
f(E) = A ·
(
(α− β)Epeak
(2 + α)100 keV
)α−β





if E ≥ Ebreak (2.6)
where α and β are the low and high energy spectral indices respectively, Epeak
is the peak energy, i.e. the energy at which the power spectrum E2f(E)
peaks, and A is the normalization factor in (ph keV−1 cm−2 s−1). Other
three slightly diﬀerent variants of the formula (2.6) can be used to ﬁt GRB
spectra at this energy range, all of them joined power laws, according to pos-
sible diﬀerent statistics at diﬀerent energies that can aﬀect the quality of the
ﬁt. Actually, the ﬁtted parameters are not constant with respect to time.
Apart from the amplitude A which obviously follows the GRB lightcurve,
the other parameters α(t), β(t) and Epeak(t) also show a decreasing trend
54 CHAPTER 2. GAMMA RAY BURSTS
over time. Figure 2.9 shows the behavior of the high energy spectral index β
over time. It is worth to note that, although there is this a time dependence
of the parameters, the GRB spectra have the property to keep the Band
parametrization over time. Figure 2.10 shows the average α and β distribu-
tion for the BATSE catalog. Being the spectral indexes dependent on time,
their average values have been obtained by weighting the ﬁtted values in each


















It should be noted that by weighting parameters with their uncertainties
and excluding those values with a bad χ2, the result will be diﬀerent than
what can be obtained from a direct ﬁt on the integrated spectrum.
A linear ﬁt of the ﬁtted β over time reveals a decreasing trend, i.e. a soft-
ening of the energetics of the burst. Actually some bursts are characterized
by a spectrum getting harder over time. Figure 2.11 shows how most of the
GRBs have a decreasing trend for the high energy spectral regime, which are
predominant over those GRB having a soft-to-hard evolution, as been cited
in [27], [32] and [33]. Moreover, the total change of β, i.e. the value of dt/dβ
multiplied by the burst duration T90, is simmetrically distributed around the
mean value of −0.374, where a prominent peak of the distribution can be
found.
2.4 Afterglow, Host Galaxies and Cosmolog-
ical Scattering
Until 1997 Gamma Ray Bursts could be observed only in the γ-ray region,
extending from few tens of keV up to few MeV, with very few observations
at higher energies. This lack of observations was strongly aﬀecting the the-
oretical modeling as well as the phenomenological description, having no
information about other connected physical phenomena. On 28th February
1997 the italian-dutch experiment Beppo-SAX (see [34]) observed a double
peak X-ray component on GRB970228 [35]: the ﬁrst burst lasted 15 s and
the second one, emitted 40 s later, lasted for about 40 s. Finally, eight hours
later a continuos fading X-ray emission, with also an optical counterpart, was
detected to come from a direction inside the error box of the burst; this late
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Figure 2.9: Example of hard-to-soft spectral evolution in β for GRB911118.
Fitted values of β with its error (crosses) and burst count rate history (dotted
line) are plotted as function of time. Picture from [25].
fading emission following the high energy GRB emission was called afterglow.
Figure 2.12 shows the image obtained by Beppo-SAX.
Optical observations made by Hubble Space Telescope (HST) have re-
vealed that this X-ray source was adjacent to a red circular nebula whose
features were very similar to Hubble Deep Field galaxies of the same mag-
nitudo. The importance of such a discovery is twofold: ﬁrst it is the clear
observation of other wavelength counterparts on a GRB, in particular at
delayed times; second it is the ﬁrst association of another astronomical ob-
ject, the so called host galaxy, which allows the ﬁrst red-shift measurement.
Figure 2.13 shows an example of host galaxy associated to a Gamma-Ray
Burst.
After the BATSE and Beppo-SAX era, the new MWL space observatory
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Figure 2.10: Distribution of αave (left) and βave (right) for the BATSE cata-
log. Bursts for which the high energy spectral index β couldn’t be calculated
have been put into the < 4 bin. Picture from [26]
Figure 2.11: (left) Histogram of the distribution of coeﬃcients of correlation
between β and time (solid line) and between Epeak and time (dotted line) for
a subsample of bursts. (right) Distribution of the total change in the high
energy spectral index β for the same subsample of bursts. Pictures from [25].
Swift6, for γ-ray, X-ray and UV observation, started a new intense campaign
of observations of GRBs, with the possibility to perform high resolution and
6http://www.swift.psu.edu
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Figure 2.12: GRB970228 observed by the italian-dutch satellite Beppo-SAX.
This is the ﬁrst X-ray counterpart observed on a GRB.
Figure 2.13: a) GRB990123 afterglow, observed by HST, adjacent to a galaxy.
b) Zoom of the quadrangular region containing the host galaxy.
sensitivity observations both of the prompt emission and of the afterglow.
Thanks to the link with ground-based optical telescopes, red-shift measure-
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ments have been possible, conﬁrming not only the cosmological origin, but
also revealing the great distance of such objects. Figure 2.14 shows the cumu-
lative fraction distributions both of 42 pre-Swift bursts and 16 Swift bursts.
The interesting result is that the typical distance of GRB, according to the
new generation instruments aboard Swift, seems to be z ∼ 2.76, against a
mean z = 1.37 for pre-Swift bursts [60]. Such a red-shift is similar of that of
Type 2 AGNs (zmean ∼ 3, see [61]). With also two observations of GRBs with
very high red-shift z > 5 up to z  6.3 (GRB050814: z = 5.3; GRB050904:
z = 6.29) the connection between GRBs and Pop III stars start to be a pos-
sibility [62], even if the number of unknowns is still too large to achieve a
concrete conclusion.
Such a high red-shift distribution is actually one of the principal problems
for VHE observations because of cosmological absorption. According to [7],
as shown in ﬁgure 1.6, the useful red-shift for a VHE observation by the
MAGIC Telescope is slightly above z = 1. According to ﬁgure 2.14 this red-
shift constraint means that only on about 20% of detected GRBs by Swift
will be possible to make meaningful observations.
Typical X-ray afterglow ﬂuxes have a power law dependence upon the
energy and time φ(E, t) ∝ Eβtα with α ∼ −2 and −1.6  β  −1 [65].
Many GRBs have also an optical component of the afterglow following the
same energy and time power laws, with slightly diﬀerent indices. Indeed only
about 50% of GRBs with afterglow show optical transient successive the γ-
ray prompt emission, while 90% have X-ray component. Those bursts with
no optical counterpart are called Dark GRBs, but it is not understood yet if
they constitute a diﬀerent class of objects or if the lack of optical observation
is due experimental reasons.
2.5 Energetic and Beaming
From the observed ﬂuence and red-shift it is possible to calculate the total
energy release at source position for each Gamma-Ray Bursts. Assuming an
isotropic spherical emission, the total amount of energy released at the source
can be computed. Given an integrated observed spectrum over time φ(E)
(ph cm−2 keV−1), the source luminosity distance Dl and the red-shift z, it is
possible to integrate over a large energy range, let’s say 1 keV – 10 MeV, to
have an estimate of the equivalent isotropic energy release
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Figure 2.14: The cumulative fraction of GRBs as a function of redshift for
42 pre-Swift bursts (upper stepwise curve) and 16 Swift bursts (lower step-
wise curve). Overplotted are three simple models for the expectation of the
redshift distribution of GRBs: model II from [63] in which the GRB rate
is proportional to the star formation rate (solid curve), model IV from [63]
in which the GRB rate increases with decreasing metallicity (dashed curve)
and a model from [64] in which the GRB rate is proportional to the star
formation rate (dash-dotted curve). All three models fold in the Swift/BAT






Eφ(E) dE (keV) (2.8)
The calculation carried on GRBs of known red-shift leads to extremely
large values for the total amount of energy released at the source Eγ,iso > 10
51
(erg cm−2), up to alarmingly large values of Eγ,iso  3.4× 1054 (erg cm−2) for
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GRB990123, covering three orders of magnitude.
The problem of providing such a huge amount of energy Eγ,iso  1053
(erg cm−2) can be solved if it is assumed that the emission is not isotropic
but beamed. This assumption is also conﬁmed by the observation of the
achromatic break in the afterglow time proﬁle. Many afterglow light curves,
in fact, have an achromatic break to a steeper decline with α ≈ −2. Fig-
ure 2.15 shows a nice example on the GRB990510 optical lightcurve.
Figure 2.15: Optical light-curves of the transient afterglow of GRB990510.
Picture from [17].
The achromatic break of the afterglow light curve can be interpreted as a
geometrical eﬀect on the observed ﬂux produced by the beaming of a slowing
relativistic ﬂow. This interpretation ﬁts very well within those models that
assume synchrotron emission from accelerated leptons [66]. Because of the
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ultra-relativistic motion (see §3.1) with a Lorentz factor Γ, the emitted ra-
diation is beamed with an opening angle θγ = 1/Γ. The synchrotron cooling
reduces the single particle energy increasing therefore the beaming angle of
the emitted light. If the particle ﬂow is beamed too with an opening angle
of θjet > θγ , then at a certain time, because of the synchrotron cooling, the
beaming of emitted light will be equal, and later wider, than the beaming of
the jet θjet < θγ . This implies that starts to be a lack of particles providing
radiation within the ﬁeld of view of the observer. Figure 2.16 shows a simpli-
ﬁed schematic view of the process. The time at which there is the achromatic
view corresponds to the instant when the opening angle of the jet is equal to
the opening angle of the beamed light θγ(tb) = θjet. Sari et al. [67] showed,
modeling the relativistic particle ﬂow by an adiabatic expansion, that the













where E52 is the isotropic equivalent energy ejecta in unit of 10
52 erg, cal-
culated from the observed ﬂuence and red-shift, and n is the surrounding
interstellar medium density in cm−3.
Thus, for those GRBs with measured red-shift and time break in the
afterglow light curve, it is possible to correct the total release of energy by
the beaming factor [68]. Figure 2.17 shows how the Epeak – Eiso correlation
changes by applying the beaming correction as estimated by the achromatic
break in the afterglow.
The Ghirlanda relation between the observed Epeak and the corrected Eγ
is not only thiner than the Amati relation between Epeak and the equivalent
Eiso, but also suggests that Gamma-Ray Bursts are standard candles, with a
corrected total release of energy almost three order of magnitude lower than
the enormous value calculated for the isotropic equivalent.
2.6 Connection with Supernovae
The association of GRBs with star forming regions and the indication that
they follow the star formation rate suggest that GRBs are related to stellar
death, namely Supernovae [75]. The ﬁrst indication of an association between
GRBs and Supernovae was found when SN 98bw was discovered within the
error box of GRB980425 [76]. This was an usual type Ic Supernova which








Figure 2.16: Schematic representation of the achromatic break of the after-
glow due to the beaming. We have a relativistic particle ﬂow beamed by θj.
Synchrotron emission also is beamed by the Lorentz factor θ ∝ 1/Γ. Be-
cause of the energy loss (cooling) we have Γ1 > Γ2 > Γ3 at diﬀerent times
T1 < T2 < T3. An observer can observe the emission by those electrons
whose synchrotron beam lights the observer (T1). When the beaming of the
synchrotron emission is equal to the beaming of the jet, θsyn = θj, all the par-
ticles of the jet are lighting the observer (T2 = Tbreak). Obviously the number
of particles providing observable beamed light has been increasing. Let’s as-
sume that until now the decrease of the observed emission had followed a
power-law with index −α1. Later the particles which should be added to
provide additional synchrotron beamed emission, maintaining the same total
emission intensity decrease, would be outside the particle jet, and therefore
do not exist (T3). After Tbreak, then, the decrease of the ﬂux is more steep.
The ﬂux after Tbreak will faint with an index −α2 < −α1.
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Figure 2.17: Rest frame peak energy Epeak = E
obs
peak(1 + z) versus bolometric
energy for the sample of GRBs with measured redshift reported in [68]. Filled
circles: isotropic energy corrected for the collimation angle by the factor
(1−cos θ), for the events for which a jet break in the light curve was observed.
Grey symbols corresponds to lower/upper limits. The Solid line represents
the best ﬁt to the correlation, i.e. Epeak ∼ 480 (Eγ/1051 erg)0.7 keV. Open
circles: isotropic equivalent energy Eiso for the GRBs. The Dashed line is the
best ﬁt to these points and the dash–dotted line is the correlation reported
by Amati et al. (2002) [29].
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was much brighter than most Supernovae. Typical ejection velocities in the
Supernova were larger than usual (∼ 2 · 104 km/s) corresponding to a ki-
netic energy of 2÷ 5× 1052 erg, more than ten times than previously known
energy of Suernovae, [77]. Additionally radio observations suggested a com-
ponent expanding sub relativistically with v ∼ 0.3c [78]. Thus, 1998bw was
an unusual type Ic Supernovae, signiﬁcantly more powerful than comparable
Supernovae. This may imply that GRBs are associated with more pow-
erful Supernovae. Indeed all other observations of Supernova signature in
GRB afterglow light curves use a SN 98bw templates. The accompanying
GRB980425 was also unusual. GRB980425 had a smooth FRED light curve
and no high energy component in its spectrum. Other bursts like this exist
but they are rare. The redshift of SN 98bw was 0.0085 implying an isotropic
equivalent energy of ∼ 1048ergs. Weaker by several orders of magnitude than
a typical GRB.
Late red bumps have been discovered in several afterglow light curves
[44, 45, 46, 47]. These bumps involve both a brightening (or a ﬂattening) of
the afterglow as well as a transition to a much redder spectrum. These bumps
have been generally interpreted as due to an underlining Supernova [44]. In
all cases the bumps have been ﬁt with a template of SN 98bw, which was
associated with GRB980425. [48] proposed that these bumps are produced
by light echoes on surrounding dust (but see [49]). Waxman and Draine [50]
purposed another alternative explanation based on dust sublimation.
The conﬁrmation of SN 98bw like bumps with the consequent strong
evidence of the GRB-SN association was seen recently [79] in the very bright
GRB030329 that is associated with SN2003dh [89]. The bump begun to be
noticed six days after the burst and the SN 98bw like spectrum dominated
the optical light curve at later times (see Fig. 2.18). Moreover the spectral
shapes of 2003dh and 1998bw were quite similar.
2.7 HE and VHE Observations
Up to now several attempts have been made to observe the high energy
tail, above the BATSE energy range, of the prompt emission of Gamma-
Ray Bursts, but only EGRET aboard of CGRO could detect GRB emission
in the whole MeV region up to few GeV. EGRET could detect about 30
GRBs in the energy range between 1 and 100 MeV all of them well ﬁtting
the Band spectral shape as deﬁned in equation (2.6). Working in the stan-
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Figure 2.18: Evolution of the GRB030329/SN2004dh spectrum, from April
1.13 UT (2.64 days after the burst), to April 8.13 UT (6.94 days after the
burst). The early spectra consist of a power law continuum (Fν ∝ ν−0.9) with
narrow emission lines originating from HII regions within the host galaxy at
redshift z = 0.168. Spectra taken after April 5 show the development of
broad peaks characteristic of a Supernova (from [79]).
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dard high energy acquisition mode, EGRET could observe four very bright
Gamma-Ray Bursts, acquiring 45 signals (photons) above 30 MeV and (un-
fortunately only) four signals above 1 GeV: GRB910503 [81], GRB930131
[82], GRB940217 [83] and GRB940301 [84].
Observation of GRB940217 became famous for the VHE emission de-
tected by EGRET. A summary of CGRO observations is reported in [86].
COMPTEL could observe 162 s of 180 s of the burst detected both by BATSE
and EGRET. Figure 2.19 shows the global spectrum of the prompt phase ob-
tained by the observations of BATSE, in the energy range 41 keV - 2.96 MeV,
COMPTEL, in the range 0.3 - 30 MeV, and EGRET, whose data cover
two diﬀerent energy ranges: 0.9 - 200 MeV for the Total Absorption Shower
Counter (TASC) and 30 MeV - 4 GeV for the spark chamber instrument.
The overall ﬂuence for this burst was 2.03 × 10−4 erg cm−2. During the
prompt phase EGRET could report detection of high energy photons up
to 4.4 MeV. Moreover, during the subsequent orbit of CGRO ∼ 90 minutes
later, EGRET detected 10 photons in its spark chamber - one with an energy
of 18.4 GeV - from the burst region within a 20 minutes time interval.
Another interesting observation by EGRET is represented by GRB941017.
Gonzales et al. [80] reported the discovery of a HE spectral component in
GRB941017 with an energy ﬂux density E2dN/dE ∝ E. Data were ﬁtted by
the standard Band function plus an additional power-law. GRB941017 spec-
trum seems to be double peaked, with a ﬁrst low energy peak at ∼ 200 keV
and a second one at an energy Epeak,2  200 MeV. The overall obser-
vation suggest two distinct spectral components: a low-energy component
(Eγ  3 MeV) had a rapid variability and lasted ∼ 100 s; and a high energy
component (Eγ  3 MeV) had a very hard spectrum and lasted ∼ 200 s. This
observation is also the strongest suggestion for possible VHE counterpart on
GRBs (see §3.4).
Finally, the last famous observation of possible VHE emission from GRB
is represented by GRB970417a. The MILAGRITO detector, a prototype
for the following MILAGRO experiment, thanks to its wide ﬁeld of view of
∼ 90◦∅ and its duty-cycle of 24 hr, it could observe many BATSE GRBs
by temporal and spatial coincidence analysis of the data. On GRB970417a
MILAGRITO could detect a marginal excess over the background in coin-
cidence with BATSE observation (see ﬁgure 2.20). Because of the small
signiﬁcance of the excess along with the poor ability of the instrument to
measure the amount of energy released in the pond, no spectral analysis nei-
ther any energy estimation of the events was possible. If this excess is really
2.7. HE AND VHE OBSERVATIONS 67
Figure 2.19: Photon spectrum of GRB940217 obtained with COMPTEL
(data: plain crosses), BATSE (data: crosses with sqares; best ﬁt: solid line),
EGRET/TASC (data: crosses with diamonds; best ﬁt: dashed line) and
EGRET spark chamber (best ﬁt: dashed-dotted line). Figure from [86].
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due to the burst, then it would be the ﬁrst detection of VHE emission above
hundreds of GeV from a GRB, but according to this measurement it is not
possible yet to state it. Moreover no further detection has been done up to
now by MILAGRITO neither by the following major experiment MILAGRO
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Figure 2.20: Number of events recorded by MILAGRITO during T90 in




In chapter §2 we saw an presentation of the phenomenological features of
Gamma-Ray Bursts according to the observations of the last two decades.
At a certain point, during the years 90s, it was common to hear about the joke
that there were more theoretical models on GRBs than observed GRBs. Later
the intense observation campaign by BATSE reduced drastically the number
of likely models. Here we present a slideshow of the more diﬀuse theoretical
models on GRBs, in particular pointing the attention on the implications for
MAGIC observations, i.e. VHE emission during the prompt and afterglow
phase.
3.1 The Compactness Problem and Relativis-
tic Motion
Before explaining GRB models we point out a problem connected to the
HE (High Energy) extremely variable temporal proﬁle shown in §2.2. The
temporal proﬁles of GRBs lead to the so called compactness problem. Being
GRBs temporal proﬁles characterized by pulses whose temporal width δT is
typically less than one second, it means that the source emitting photons is
smaller than cδT ; thus, for a temporal variability of about 10−2 seconds, we
estimate a typical source size of Rs < cδT ≈ 3000 km. A naive calculation
suggests us that the source must be optically thick. Given an observed ﬂuence
F for a source at the cosmological distance D, we can estimate the total
release of energy at the source E = 4πD2F , and using normalized factors:
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The observed spectrum contains mostly γ-rays in the keV range (see
§2.3). Then γ-rays of energy E1 can interact with those of lower energy E2
to produce a couple of pairs γγ → e+e− if √E1E2 > mec2, where me is the
electron rest mass. Calling fe the fraction of photons satisfying the previous






















This optical depth is very large, for typical values and cosmological dis-
tances it reaches the order of τγγ ∼ 1015, in contrast with the non-thermal
observed spectrum (see §2.3) which suggests that the source should be opti-
cally thin. This contradiction is called the compactness problem and comes
out from the assumption that the size of the emitting source is determined
by the time variability of the emission itself.
A solution could be that the source emits energy in another form that
is converted into HE radiation at a larger distance, where all the physical
system is optically thin.
Otherwise relativistic eﬀects can play an important role in modifying time
scales of the phenomena. If the source is moving toward an observer with a
Lorentz factor Γ = 1/
√
1− β2 	 1 then the observed photons of observed
energy hνobs have been blue shifted, so their energy at the source is hνobs/Γ.
Having a lower energy at the source, then the fraction of photons that can
interact to produce a pair is less than the observed one, and precisely is
reduced by a factor Γ−2α, where α is the spectral index of light. Moreover
the Lorentz factor allows the size of the emitting region to be larger than
the observed one by a factor Γ2, Rs < Γ
2cδT . Therefore relativistic eﬀects
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According to formula (3.4) the compactness problem can be solved if the
source is moving toward the observer with a Lorentz factor Γ > 1013/(4+2α) ≈ 102.
This is the most likely case for such GRB observed energetics. For such mod-
els, the important result of the investigation of the compactness problem,
originated by the observed temporal proﬁle, is that the source is relativisti-
cally moving toward us, with the consequent modiﬁcation of the spectra and
energetics according the corrections by the Lorentz factor Γ.
3.2 The Fireball Model
As already stated, the main result rom the previous discussion about the
compactness problem is that the γ-ray source is possibly relativistically mov-
ing toward us with a Lorentz factor Γ > 102. The idea of the Fireball model
is that the γ-ray emission comes out from the dissipation of energy (slowing
down) of the relativistic ﬂow, at a stage when the particles of the relativistic
ﬂow itself are still highly relativistic. The problem on how to obtain such a
highly energetic particle relativistic ﬂow can be solved considering that such
relativistic ﬂow is the unavoidable outcome of a ﬁreball - a large concen-
tration of energy (radiation) with a (small) load of baryons. The idea of a
ﬁreball was already proposed by Goodman and Paczyn´ski [40, 41], showing
that a sudden release of large quantity of photons in a compact region can
lead to an opaque ﬁreball, where photons cannot escape because of e+e−
pair production and, moreover, the total energy is much greater than the
rest mass of the ﬁreball itself. If there is a small baryonic load of total
mass M , then all the energy of the ﬁreball E will be converted into kinetic
energy of the baryons, that will be accelerated to relativistic velocity with
Lorentz factor Γ ≈ E/M , while if the baryonic load is too high then the
ﬁreball will accelerate to newtonian (non-relativistic) velocities v √2E/M
(see [42, 43]). Figure 3.1 shows a simulation on the development of such a
kind of relativistic ﬂow [69].
The the energy of the ﬁreball must be converted into HE radiation. As
just stated in §2.3 the GRB spectrum is non-thermal and well described by
the empirical Band function (2.6). This is quite in agreement with those
models on HE γ emission based on synchrotron radiation of particles impul-
sively accelerated [37, 38, 39, 66]. These models for the conversion of the
kinetic energy require a source of magnetohydrodynamical outﬂow and an
eﬃcient and fast particle acceleration (most likely in relativistic shocks) in
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Figure 3.1: Relativistic jet at the last time step of the simulation [69].
optically thin enviroment. This modeling is also called Synchrotron Shock
Model (SSM) and is the basis for the electron acceleration and HE photons
emission. Leptons, more precisely electrons and positrons, are accelerated
by the Fermi mechanism within shocks of the shells of the relativistic ﬂow.
Such shocks can happen between two diﬀerent shells moving with diﬀerent
Lorentz factors, and this is the case of internal shocks, or between a shell
of the relativistic ﬂow with the Inter-Stellar Medium (ISM), and this is the
case of external shocks. According to the model [36], internal shocks are re-
sponsible for the prompt emission of the Gamma-Ray Burst, while external
shocks are the electrons accelerating processes for the afterglow emission.
Electrons should be accelerated to a typical power law distribution for a
Fermi acceleration process within a relativistic shock [70]. Moreover they lay
in a region were there are magnetic ﬁelds, therefore emit synchrotron radia-
tion. It has been showed [66] that the outcome of SSM for the HE emission
within relativistic shocks is a double power law similar to the phenomeno-
logical Band one. According to SSM, the low energy part of the spectrum
depends on photon frequency (energy) as νFν ∝ ν4/3 corresponding to a
power-law photon index α = −0.67 (see also [23]), and the power-law be-
haviour is modiﬁed near Epeak in a parameter independent way; the high
energy component, instead, follows a power law as νFν ∝ ν−(δ−3)/2, where δ
is the suprathermal power-law electron distribution index. Figure 3.2 shows
a ﬁt with the SSM over some GRBs.
Actually at VHE it is espected to have an exponential cut-oﬀ due to the
synchrotron cooling. Synchrotron cooling is also thought to be the respon-
sible for the hard-to-soft evolution of the spectral indices as well as for the
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Figure 3.2: Observed composite (CGRO multi-instrument) νFν spectra of
GRB910601, GRB920622 and GRB910814, with the best ﬁt on SSM. Picture
from [66]
Epeak (bulk energy).
Inverse Compton (IC) scattering can also take place. Synchrotron radia-
tion photons can be scattered up to higher energies by the IC scattering by a
factor Γ2e, the Lorentz factor of the scattering electron. If IC takes place, then
it should shorten the cooling time of electrons (being cooled both by syn-
chrotron and IC) as well as should reduce the eﬃciency in the observed syn-
chrotron production [36]. As suggested in [36], IC scattering radiation from
internal shocks should be boosted by a factor Γ2e than the typical synchrotron
frequency. Since synchrotron emission is in the keV range Γe,min ≈ mp/me,
where mp and me are the proton and electron rest mass respectively, the ex-
pected IC emission should be in the GeV or even TeV range. This radiation
could contribute to the prompt VHE emission that accompanies GRBs [71].
It is straightforward to point out, then, the importance to perform high sen-
sitivity observation in the VHE range on GRBs. Such observations could
contribute to understand the real presence of IC emission, with consequent
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modiﬁcations of the physical processes of the relativistic ﬂow inferred from
the observed spectrum, because of the consequent corrections upon energetics
and synchrotron cooling.
3.3 The Cannonball Model
The Fireball model is often referred as the standard GRB model, being able
to explain most of the phenomenological features observed in GRBs. As
already stated such model assume the synchrotron emission as the principal
component of the observed spectrum. Another possibility is that the observed
spectrum could be actually generated completely by IC scattering, and this
is the case of the cannonball model [72]. The idea is suggested from the
ejecta of matter observed in some microquasar: after a Supernova explosion
the core collapse results in a compact object and a fast rotating torus of
non-ejected fallen-back material. Matter abruptly accreting into the central
object produces narrowly collimated beams of cannonballs. Such cannonballs
are made by ordinary matter relativistically ejected by the two beams of
matter. Consequently these cannonballs scatter by IC with ambient photons
(diﬀuse scattered light by the surrounding dust) in the neighborhood of the
Supernova. Figure 3.3 shows a schematic view of the general dynamic of the
process.
























where α = 1 and β ≈ 2.1, b a dimensionless constant. There is a dependence
on temperature T which plays the role of the normalization energy E0 of the
Band Model.
It is foreseen also that a cannonball produces a narrow jet of high energy
cosmic-ray electrons (and nuclei) along its motion [73] . These cosmic-ray
electrons produce a second peak in the spectral energy ﬂux of GRBs and
XRFs at a much higher energy, by IC scattering of “ambient light” per-
meating the surroundings of the parent SN. Thus, the internal cannonball
electrons and the external cosmic ray electrons produce, by IC scattering of
ambient light, a SED (E2 dN/dE) of γ-rays with two peaks, like that ob-
served in blazars. Normal GRBs have their ﬁrst peak-energy usually around
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Figure 3.3: Schematic representation of the cannonball model. Picture
from [72].
a fraction of an MeV and then their second peak-energy at a much higher
energy [73].
3.4 High Energy Tail
In section §2.7 we have seen that there are some hints for possible VHE
emission from Gamma-Ray Bursts. The Cannonball model already predict
a second high energy component due to IC scattering of ambient light pho-
tons by Fermi accelerated cosmic electrons, providing thus a double peaked
spectrum as already described in §3.3.
Possible explanations of this VHE emission related to the Fireball model
have also been attempted. One of these could be the comptonization of
synchrotron self-absorbed photons [51, 52]. In §2.7 we have reported the ob-
servation of GRB941017 that was revealing a double peaked spectrum whose
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two diﬀerent components had also diﬀerent temporal behaviors. According
to [51] the ﬁrst component produced by a process based upon the SSM of
expanding shells colliding each other during the proper prompt phase, the
internal shocks described by the ﬁreball model. The high energy component,
instead, could be produced by the IC scattered electrons, that have been
previously Fermi-accelerated during the shocks, by the synchrotron photons.
This would have the double eﬀect to produce the second IC bump and to
aﬀect the synchrotron cooling of the accelerated electrons. Figure 3.4 shows














































Figure 3.4: Points over bars are the observed spectrum of GRB941017 av-
eraged over a time interval of 100-200 s following the burst trigger. Picture
from [51].
Another possibility is represented by hadronic models [53]. In this case
an eﬃcient proton acceleration to ultra-relativistic energies takes place in the
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GRB blast waves, as already required, for example, in models where GRBs
accelerate high-energy cosmic rays [54, 55, 56]. A pair-photon cascade initi-
ated by photohadronic processes between high-energy hadrons accelerated in
the GRB blast wave and the internal synchrotron radiation ﬁeld produces an
emission component that appears during the prompt phase. Photomeson in-
teractions in the relativistic blast wave also produce a beam of UHE neutrons.
Subsequent photopion production of these neutrons with photons outside the
blast wave produces a directed hyper-relativistic electronpositron beam in the
process of charged pion decay and the conversion of high-energy photons from
π0 decay. These energetic leptons produce a synchrotron spectrum in the ra-
diation reaction-limited regime extending to GeV energies, with properties
in the 1200 MeV range similar to that measured from GRB941017.
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Figure 3.5: Photon energy ﬂuence from an electromagnetic cascade initiated
by photopion secondaries in the hadronic model by Dermer. Five generations
of Compton (heavy curves) and synchrotron (light curves) are shown. The
ﬁrst through ﬁfth generations are given by solid, dashed, dot-dashed, dot-
triple-dashed, and dotted curves, respectively. The total cascade radiation
spectrum is given by the upper bold dotted curve. Piclture from [53].
Chapter 4
The GRB Alert System
As explained in §2, GRB are transient phenomena with duration of the order
of seconds-minutes in the X-ray γ-ray energy band (see §2.2). Thus, being
MAGIC a small FoV instrument dedicated to follow-up observations and not
sky-survey, a fast and eﬃcient alert system is required. To perform a GRB
follow-up observation two things are mainly required: a system which pro-
vides the GRB coordinates to follow-up instruments, i.e. which distributes
the on-board calculated GRB informations by satellites to the ground based
telescopes; and a system that retrieves such informations and interacts with
the Telescope operators and with the Telescope subsystems too. Both sys-
tems must be eﬃcient, i.e. must loose as less alerts and informations as
possible, and fast enough to decrease as much as possible the delay applied
on the follow-up intrument observation.
4.1 The Gamma-Ray Burst Coordinates Net-
work
The Gamma-ray burst Coordinates Network 1 (GCN) is a global network that
provides the link between those space based instruments which perform a
GRB monitoring, and the ground based instruments that require a “trigger”
for the follow-up observation. It is a developement of the old BAtse CO-
ordinates DIstribution NEtwork (BACODINE) system, the system used by
BATSE to distribute the GRB coordinates.
1http://gcn.gsfc.nasa.gov
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Figure 4.1: Schematic view of the GCN.
Figure 4.1 shows a schematic view of the GCN. Satellites orbiting around
the Earth and monitoring GRBs must be able to acquire GRB data useful to
calculate coordinates in short time. Then such informations are transmitted
to the TDRS satellites, which can transmit all the data to the NASA White
Sands Ground Station in New Mexico. From here data are retransmitted to
DOMSAT and then retransmitted again to the Goddard Space Flight Center
(GSFC) Data Capture Facility. The whole data transmission procedure takes
2.048 seconds plus an additional second due to buﬀering timimg between the
White Sands Grond Station and the TDRS/DOMSAT satellites. Once the
GRB data are at GSFC, the GRB coordinates are calculated in 0.1 seconds
and then distributed, through the TCP/IP protocol, to the various ground-
based instruments in 0.3 seconds. Figure 4.2 summarize the delays introduced
by the GCN.
At the time of this thesis, current satellites monitoring the sky for GRB
and providing alerts to GCN are Swift2, INTEGRAL3 and HETE II4. There
are other satellites which are able to provide GRB alerts, but actually with
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Figure 4.2: Delays introduced by GCN.
satellites are Konus-Wind5, RXTE6 and the IPN7, the Inter Planetary Net-
work of satellites that can provide GRB coordinates by triangulation. Up to
now alerts have arrived to the MAGIC site with delays from 10 seconds up
to few hours.
4.2 The MAGIC GRB Alert System
On the other side the MAGIC Telescope must be able to catch and fastly react
to the alerts distributed by the GCN. The candidate has developed the whole
GRB Alert System for the MAGIC Telescope, the Gamma Sources POinting
Trigger (gspot), a system which exploits the link with GCN and manages
the decoding of possible GCN alerts and the interaction with operators and
with the Telescope subsystems. Figure 4.3 shows a schematic view of gspot.
gspot is substantially a daemon, a multi-thread C language program run-
ning in background and stand-alone mode at the Telescope site. It monitors
24 hours a day the GCN. In case of an alert all the informations are retrieved
from the 40 long word of the GCN package thanks to the bit-masks pro-
vided by the GCN team8. The alert is stored into a list, in order to keep
care of all the alerts coming within a certain time, and the observability
of the related GRB is computed according to some parameters deﬁned in
the GRB observation strategy (see §4.3). In case of observability chance,
the GRB informations are re-processed and translated both into human lan-




8http://gcn.gsfc.nasa.gov/sock pkt def doc.html















































Figure 4.3: Summarized ﬂowchart of gspot.
for the latter interaction with the central control of the Telescope. Thus,
if the Telescope is working, an automatic repositioning procedure and GRB
data aquisition can be started immediately. For safety reasons, the operator
is needed to accept or not the alert.
4.3 The GRB Observation Strategy
As we said the GRB Alarm System must provide fast and reliable automatic
skills to allow the observation of transient phenomena like GRBs. Therefore
an observation strategy is needed to deﬁne both selection criteria of the
alerts and timing for the follow-up observation within the general observation
schedule of the MAGIC Telescope.
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4.3.1 Alert Selection Criteria
The selection criteria are mainly due by the Telescope possibility to observe a
source at GRB local coordinates. Local conditions are the main constraint to
the observation by the Cherenkov technique. Several duty-cycle studies have
been done [8], providing an estimate of a duty-cycle of about 10% sr × year
with the following standard duty-cycle conditions:
• darkness: the Sun must be below astronomical horizon (zenith> 108◦);
• wind: wind speed must be lower than 10 m s−1;
• humidity: relative atmosphere humidity must be less than 80%;
• Moon: the Moon must have at least 30◦ of angular distance from the
GRB coordinates; in any case during the four days of full or almost full
Moon no observation can be done.
These parameters are taken into account when selecting an alert and
can be set in the gspot program. Moreover the local position of the GRB is
extreemely important, being the observation by Cherenkov technique aﬀected
by the zenithal angle of the source (see §1.2.5). The maximal allowed zenith
angle can be estimated requiring that the overwhelming majority of possible
GRBs will have an observable spectrum. As mentioned in §2.1 and §2.4
GRBs lie at cosmological distances, therefore the Extragalactic Background
Light scattering aﬀects the possible observed spectrum by attenuating the
VHE tail. In particular from ﬁgure 1.6 it is possible to see that the optical
depth of the intergalactic medium is about 1 at 100 GeV for a source at a
redshift z = 1. This means that for a source at a redshift of z = 1 almost
all photons above 100 GeV are scattered by the Extragalactic Background
Light.
According to [74] the energy threshold for a IACT goes with the zenithal
angle θ according to the formula
Ethr(θ) = Ethr(0) · cos(θ)−3.1 (4.1)
Assuming an energy thresold of 50 GeV for the MAGIC Telescope at
zenith, we estimate an energy threshold of about 11.4 TeV at 80◦, 1.4 TeV
at 70◦, 700 GeV at 65◦, 336 GeV at 60◦ and 280 GeV at 55◦. Using these
results it is possible to estimate from ﬁgure 1.6 the maximal distance for a
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observable GRB as a function of zenith angle. Current maximal zenith values
set in gspot are 55◦ for moonshine sky, and 60◦ for no moonshine sky. These
are the limits considered acceptable for a GRB observation.
4.3.2 Observation during Moon Time
The observation during Moon time is done using a diﬀerent strategy for the
slewing than in case of no Moon. The reason is that the Telescope camera
lids take almost one minute to close, a time comparable to the typical T90 of
GRBs. Thus, in case of a GRB alert, the slewing is done without closing the
camera lids and the Moon could accidentally ﬂash the camera. In principle a
fast ﬂash by the Moon should not damage the camera PMTs, but the whole
camera system could not keep stable. Moreover the camera control system,
la guagua, could block the high voltage power supply for safety reasons, if
PMTs currents increase over a certain safety threshold.
If there is the possibility that the Moon could ﬂash the camera during
a straightforward path, an intermediate fake target is computed by gspot
between the initial Telescope position and the GRB local position, in order
to split the slewing path into a spline avoiding thus the Moon position.
4.3.3 Timing Consideration
Timing consideration are based on the observations of GRBs made by satel-
lites and on the predictions of theoretical models on the possible VHE emis-
sion:
• In §2.7 evidences for VHE emission during the prompt phase has been
reported. In §3.4 predictions on a VHE component have been stated,
in agreement with the hints of the observations already done [51, 53].
Moreover the VHE component seems to have a diﬀerent and longer
time proﬁle than the HE component of the prompt emission [51]. This
would suggest typical time ranges of about few hundred of seconds on
the VHE component of the prompt emission.
• VHE delayed emission is also predicted in the afterglow phase by the
same mechanisms discussed in §2.7 for the corresponding VHE prompt
emission [57]. These mechanisms could produce VHE emission during
the ﬁrst hours or even few days of the afterglow phase. This emission
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would be fainting with time, but IC scattering could ﬂatten the VHE
spectrum at delayed time, during the ﬁrst hours up to possibly one day
after the burst. Figure 4.4 shows the predicted temporal proﬁle of the
HE-VHE emission according to [57].
• A recent discovery by Swift is the presence of X-ray ﬂares in some
GRBs afterlow. These X-ray ﬂares are temporal enhancements of the
ﬂux of the fading X-ray afterglow. This would suggest an inner engine
origin, i.e. an delayed activity of the inner engine responsible for the
relativistic outﬂow [58], with energies extending to GeV-TeV range.
Typical duration of these X-ray ﬂares are several minutes up to few
hours, and typical delays are 103 ÷ 104 seconds [59]. Figure 4.5 shows
the temporal X-ray proﬁle observed by Swift/XRT on GRB050502b.
The ﬁrst hours of observation are the most likely for a possible VHE
observation by MAGIC. According to the general schedule of observation of
the Telescope, two hours per GRB since the burst T0 have been requested,
and provided, for the observation.




νFν dν dt light curves for the three types of
bursts: proton-synchrotron dominated (I), IC dominated (II) and electron-
synchrotron dominated (III). The energy ﬂux has been integrated within the
range from ν1 = 400 MeV to ν2 = 200 GeV in order to compare with obser-
vations. The solid curves I, II, and III indicate bursts in regimes I, II, and
III, respectively, at a typical cosmological distance (z = 1 for a ﬂat Λ = 0
universe). The three dotted unmarked curves are the same types of bursts
located at z = 0.1. The sensitivity curves for EGRET and GL AST are also
plotted as dashed lines. Picture form [57].
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Figure 4.5: Overall 0.210 keV band light curve of GRB050502b. Vertical
error bars are 1σ statistical errors. Horizontal error bars represent time bin
size. The “giant ﬂare” is the obvious > 500 times rate increase at 345±30 s.
There is also some bumpiness and/or ﬂattening evident in the light curve at
 104 s, as well as an underlying decay below all of this activity. Last datum
is 90% conﬁdence level upper limit. Picture from [59].
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Chapter 5
GRB Analysis
At the time of this work MAGIC has observed 12 GRB prompt or afterglow
emission: GRB050408, GRB050421, GRB050502a, GRB050505, GRB050509a,
GRB050509b, GRB050528, GRB050713a, GRB050904, GRB060121, GRB060203
and GRB060206. In the case of GRB050713a and GRB050904 MAGIC ob-
servation has overlapped with the prompt emission detected by satellites,
while for the others the time delays in alerts or repositioning were too big
and only for the ﬁrst part of the afterglow it was possible to take data. Table
5.1 summarizes the main parameters of 12 GRBs.
For each GRB a follow-up observation has been done upward to possibly
two hours. These data will be referred to as ON-data. Depending of the
diﬀerent observation condition (zenith angle, Moon phase, sky coordinates,
seeing), a proper OFF-data sample has been selected.
5.1 Data Reduction and Calibration
A dedicate software has been developed by the MAGIC Collaboration to
perform the standard image analysis and reconstruction mentioned in §1.2.3,
from raw data to the ﬁnal ﬂux calculation. This software, called the Magic
Analysis and Reconstruction Software (MARS), is based on ROOT1, the
C++ data analysis package developed at CERN. MARS provides several
classes, macros and executables dedicated to the analysis of MAGIC data.
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Burst T0 Alert time Delay Data T90 Zenith z Prompt
hh:mm:ss hh:mm:ss [s] [min] [s] [deg] [s]
GRB050408 16:22:52 16:23:04 16096 41 15 40→49 1.24 -
GRB050421 04:11:52 04:12:50 84 75 10 40→53 - -
GRB050502 02:13:57 02:14:36 225 87 20 33→49 3.79 -
GRB050505 23:22:21 23:31:21 637 101 60 50→70 4.27 -
GRB050509a 01:46:28 01:46:45 36 119 12 56→58 - -
GRB050509b 04:00:19 04:00:34 36 12 0.13 69→71 0.22 -
GRB050528 04:06:45 04:07:28 77 30 11 47→52 - -
GRB050713a 04:29:02 04:29:15 40 37 70 47→52 - 30
GRB050904 01:51:44 01:53:06 92 147 225 14→23 6.29 133
GRB060121 22:24:54 22:25:09 569 53 2 37 → 46 - -
GRB060203 23:55:35 23:58:26 203 43 83 43 → 45 - -
GRB060206 04:46:43 04:47:09 35 49 11 6 → 13 4.05 -
Table 5.1: Table of GRB observed by MAGIC. Columns represent respec-
tively: the burst name; the satellite trigger time T0; the alert time at MAGIC
site; the delay between MAGIC data taking start and the Burst trigger
time; the total amount of data in minutes; the T90 duration of the burst;
the zenithal range of MAGIC observation; the measured red-shift; the total
amount of time of overlapped prompt emission with satellite.
• data preprocessing;
• data calibration;




The ﬁrst step in the analysis chain is taken care by the MERging and Pre-
Processing program (merpp), which translates the binary raw data, coming
out directly from the DAQ system, into the custom MARS ﬁle format. Dur-
ing this operation the program merges the raw data with all information
coming from the drive system (Telescope nominal position), the camera sys-
tem (FADC currents) and the central control system (Telescope position).


























Figure 5.1: General ﬂow chart of the standard analysis chain; ﬁnal result of
the analysis chain are Q data, which are exactly Hillas data but with some
further informations added: hadronness, estimated energy and DISP.
5.1.2 Calibration
The second step of the data reduction consists in calibrating the data, per-
forming the conversion of the pixel charge to photoelectrons. The number
of photoelectrons is calculated as Nphe = F × Q, where Q is the charge ac-
cumulated in the photomultiplier and F is the conversion factor (number of
photoelectrons per unit charge). Each pixel has its own conversion factor F
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depending on the photomultiplier quantum eﬃciency and gain. It is impor-
tant to note that there can be variation of the gain with time, like oscillation
or drift, and a reliable measurement of the F factor for every photomulti-
plier during time is thus necessary. Figure 5.2 shows a schematic view of the
calibration system.
Figure 5.2: Schematic view of the calibration system.
The MAGIC telescope is equipped with a calibration system that is in-
stalled in the center of the reﬂecting surface dish and operated remotely [87].
It consists of LEDs of diﬀerent colors that uniformly illuminate the camera.
Thanks to a dedicated trigger signal, the calibration system is working also
during normal data acquisition to monitor the conversion factor F for possi-
ble ﬂuctuations. The CALibrate LIght Signals and Time Oﬀset (callisto)
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program can calculate the conversion factor in many ways (see [87] for a
detailed discussion) and apply it to the registered charge.
5.2 Hillas Parameters Calculation
The calibrated image is then used to calculate the Hillas parameters. It is
done into two steps: image cleaning and Hillas parameters calculation.
The image cleaning selects the pixels that contain the clean signal pro-
duced by the Cherenkov light. These pixels will be used to construct the
image of the event. The standard image cleaning is based on the deﬁni-
tion of core and neighbors pixels and can work with two diﬀerent strategies:
relative and absolute cleaning.
In the relative image cleaning the algorithm deﬁnes the core pixels as
those pixels having a signal Si with a signiﬁcance σi, relative to the pedestal







L1 is the ﬁrst cleaning level and A0/Ai is the correction for the diﬀerent area
between the ith pixel and inner pixels. Actually the pedestal r.m.s. can be
chosen as the r.m.s. of the pixel itself or as the mean pedestal r.m.s. all
over inner camera pixels. Then, all isolated core pixels are excluded from the
list of core pixels and the search of core pixels neighbors starts again using
a diﬀerent L2 cleaning level. The number of rings to be checked around the
core pixels can be also set.
The absolute image cleaning is similar to the previous one but the signal
in each pixel is compared to an absolute number of photons for each cleaning
level rather than to the pedestal r.m.s.
Figure 5.3 shows an example of image before and after the cleaning. After
the cleaning all pixels survived are used to build the ellipse of the image §1.2.3
and to calculate the Hillas and non-Hillas parameters.
5.3 γ-hadron Separation
Hillas parameters are used to separate γ-like images from hadronic-like im-
ages. This is commonly done using two diﬀerent methods: Super Cuts and
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Figure 5.3: Example of an image before (a) and after (b) image cleaning on
two GRB050904 events. In this example the absolute cleaning with L1/L2 =
10/5 has been used. In (c) the number of island is more evident.
5.3. γ-HADRON SEPARATION 95
Random Forests.
The Super Cuts method looks for an optimal set of dynamical cuts on
Hillas parameters over a Monte Carlo data sample. Dynamical cuts are a set
of parameterized cuts on Hillas parameters that are optimized by using the
maximum likelihood or least squares methods. This Super Cuts method is
implemented in the MARS program.
The Random Forest (RF) method is a classiﬁcation method trained over
a statistics of known data. Classiﬁcation methods are very general because
they do not need any assumption or knowledge on the data that have to be
classiﬁed. On the other hand they can show a high sensitivity to the Monte
Carlo training. Moreover problems of over-training or under-training can lead
to diﬃculties in controlling the systematics and the classiﬁcation eﬃciency.
The Random Forest method is implemented in the MARS package and it
is based on the construction of classiﬁcation trees and trained on a Monte
Carlo data sample. The user can choose a given set of parameters that
are varied randomly. Once the set of classiﬁcation trees (forest) has been
created, each tree can be used to classify a real event; a global classiﬁcation
of the event is performed on the outcome of all the classiﬁcation trees, by
deﬁning a parameter called hadronness which is a measure for the probability
to be a background event. In our analysis the classiﬁcation trees are trained
on a sample of Monte Carlo γ events and real hadrons (OFF-data or ON-
data samples) and then applied on both ON-data and OFF-data samples.
It is important to note that the Random Forest can be trained on hadrons
belonging to an ON-data sample rather than an OFF-data one because it
provides the proper hadron background. Moreover, even taking the ﬂux from
an intense source like the Crab we expect only a 0.1% contamination from γs
on the training sample and it will bring no appreciable bias in the Random
Forest training. If the source is weaker than the Crab this contamination can
be lower by several orders of magnitude.
The energy estimation is provided by the Random Forest classiﬁcation,
thanks to their extremely general character above mentioned. In this case
the events have been classiﬁed and maximized with respect to their energy.
The energy scale is divided into n bins and for each Monte Carlo γ event
the probability is computed for every energy bin. The energy is estimated
by ﬁnding the maximum of this probability over all the energy bins.
The analysis procedure optimizes the γ-hadron separation cuts, produced
by either the Super Cuts method or the Random Forest classiﬁcation. This
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is performed by the osteria2 program. Optimal cuts are then applied on
the data by the melibea program.
5.4 Data Quality Check and Selection of Cuts
In this work the γ-hadron separation has been obtained by using the Ran-
dom Forest method. For the training of the classiﬁcation trees a Monte Carlo
sample of γ events and a sub-sample of ON-data as a hadron sample have
been used.
ON-data are then compared to a selected OFF-data sample to check for
biases in the training process (see §5.4.1). A similar comparison is done with
the Monte Carlo sample looking for a set of pre-cuts on the Hillas parameters
used for a ﬁrst selection of the events. Finally the γ candidates are selected on
the basis of the hadronness parameter resulting from the γ-hadron separation
procedure.
Three Gamma-Ray Bursts have been excluded from this analysis:
• GRB050408, since data taking started about 4.5 h after the burst T0.
This sample has been used as an OFF-data sample.
• GRB050509b: data were collected at about 70◦ of zenith angle, that
corresponds to an energy threshold well above 1 TeV.
• GRB050528: data were aﬀected by hardware problems (see ﬁgure 5.4),
therefore no meaningful analysis is possible.
5.4.1 Selection of the OFF Data Sample
The proper OFF-data sample must be selected by matching the zenithal an-
gle, since the energy threshold as well as the Hillas parameters depend on
this parameter, and the NSB level, related to the Moon phase and sky co-
ordinates. Other factors such as the discriminator threshold, atmospheric
conditions and drifts in PMT gains can aﬀect the Hillas parameters distri-
bution.
Table 5.2 summarizes the main features of OFF-data samples used in
this work. Most of the GRBs have been observed at high zenithal angles,
2Optimize STandard Energy Reconstruction and Image Analysis
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Fraction of unsuitable events per Pixel
Figure 5.4: This ﬁgure shows the percentile number of events, in each pixel
of the camera, unsuitable for the signal extraction. For the most of camera
pixels no signal was possible to be extracted during the calibration process.
simply because of a higher duty cycle at these angles, so the selection of the
corresponding OFF-data samples is limited.
Burst Rate ON Rate OFF Zenith ON Zenith OFF Moon Moon
[Hz] [Hz] [deg] [deg] ON OFF
GRB050421 250 200 40 → 53 54 → 57 no no
GRB050502 310 260 33 → 49 36 → 49 yes yes
GRB050505 200 200 50 → 56 50 → 60 no no
GRB050509a 230 200 56 → 58 50 → 60 no no
GRB050713a 150 200 47 → 52 47 → 55 no no
GRB050904 220 200 14 → 23 13 → 28 no no
GRB060121 190 210 37 → 46 36 → 45 no no
GRB060203 170 210 43 → 45 36 → 45 no no
GRB060206 320 270 6 → 13 20 → 34 no no
Table 5.2: Summary of main OFF-data samples features respect to the re-
lated ON-data. Values of DAQ rates must be taken as average values over
the data taking.
Figures 5.5 to 5.13 show the Hillas parameters distribution for the ON-data
and OFF-data samples of all nine GRBs, as well as the hadronness distri-
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butions. From the comparisons it can be concluded that the classiﬁcation
has worked on both data samples in a similar way without any appreciable
sign of bias. Only the distributions of the Conc1 (Concentration) parameter
show some discrepancy.
In the case of GRB050509a (ﬁgure 5.8) the distributions are slightly dif-
ferent from the selected OFF-data sample, since this burst has been taken in
non optimal sky conditions.
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Figure 5.5: Hillas parameters and hadronness for GRB050421 ON-data (blue)
and OFF-data (red) samples.
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Figure 5.6: Hillas parameters and hadronness for GRB050502 ON-data (blue)
and OFF-data (red) samples.
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Figure 5.7: Hillas parameters and hadronness for GRB050505 ON-data (blue)
and OFF-data (red) samples.
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Figure 5.8: Hillas parameters and hadronness for GRB050509a ON-data
(blue) and OFF-data (red) samples.
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Figure 5.9: Hillas parameters and hadronness for GRB050713a ON-data
(blue) and OFF-data (red) samples.
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Figure 5.10: Hillas parameters and hadronness for GRB050904 ON-data
(blue) and OFF-data (red) samples.
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Figure 5.11: Hillas parameters and hadronness for GRB060121 ON-data
(blue) and OFF-data (red) samples.
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Figure 5.12: Hillas parameters and hadronness for GRB060203 ON-data
(blue) and OFF-data (red) samples.
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Figure 5.13: Hillas parameters and hadronness for GRB060206 ON-data
(blue) and OFF-data (red) samples.
5.4. DATA QUALITY CHECK AND SELECTION OF CUTS 107
5.4.2 Pre-selection of Events and γ-hadron Separation
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Figure 5.14: Hillas parameters and hadronness for GRB050904 ON-data
(red) and Monte Carlo (blue) samples. Purple dashed line indicates the
pre-cuts on Width and Length.
The plots in ﬁgure 5.14 compare the GRB050904 to the Monte Carlo
sample at the same zenithal angle range. These plots have been used to select
some pre-cuts for a ﬁrst rough selection of the events before the training of
Random Forests and following events classiﬁcation. The selection of these
pre-cuts has been done requiring that (almost) all the Monte Carlo events,
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the γ sample, survive the selection, thus removing all those events that are
not γ events according to our Monte Carlo. Table 5.3 summarizes the pre-
cuts deﬁned at this step. A pre-cut on the parameter Dist has been applied,
to avoid possible boundary eﬀects of the trigger region. The boundary eﬀect
can be understood by the scheme in ﬁgure 5.15. In the outer region an event
with a small Alpha value has a higher probability to trigger than an event
with large Alpha value. This eﬀect would mimic a signal at low values of
Alpha. The selected Dist cuts are those that allow to have a ﬂat Alpha plot
on the OFF-data sample (background).
A
B
Figure 5.15: Explanation of the trigger boundary eﬀect. The inner yellow
area is the trigger region. The image of an event at the boundary of the
trigger region has higher probability to trigger since low Alpha (image A)
images have a trigger area that is more compact than large Alpha images
(image B).
5.4.3 γ-hadron Selection
The plots in ﬁgure 5.16 compare the Hadronness distribution of Monte Carlo
and data samples for the three diﬀerent size bins. These plots have been
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parameter 100-200 phe 200-400 phe 400-30000 phe
pre-cuts
Width 40 mm 40 mm 40 mm
Length 130 mm 130 mm 130 mm
NumIslands 3 3 3
Dist 250 mm 270 mm 300 mm
γ-hadron separation cuts
Alpha 30 20 15
Hadronness 0.50 0.35 0.20
Table 5.3: Pre-cuts and γ-hadron separation cuts used to select γ-like events
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Figure 5.16: Monte Carlo (red) and GRB050904 (black) hadronness for three
diﬀerent size bins. Dashed line indicates the selected hadronness cut.
used to select a proper Hadronness cut for the γ-like events selection. Loose
cuts have been chosen that, according to the Monte Carlo, accept most of the
γ-like events. The Hadronness cuts are shown in table 5.3. The eﬃciency
of this selection on γ-like events is between 90% and 95%. The rejection
of hadrons is about 75%, 90% and 95% in each size bin respectively. This
eﬃciency depends on the ability of the RF to classify the events and on the
Monte Carlo sample itself, that changes with the zenithal angle.
A stronger hadronness selection would increase the signal-to-noise ratio.
Since no signal has been detected (see §5.5), we have chosen loose hadron-
ness cuts that allows the survival of the maximum number of gammas. This
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choice keeps a good event statistics to calculate reliable upper limits, par-
ticularly at the lowest energies, and to reduce the possible biases introduced
by discrepancies between real and simulated data that could arise when too
strong cuts are applied.
The selected Hadronness cut in the 200-400 phe and 400-30000 phe size
bins are quite standard cuts, commonly used for the γ-like events selection.
In case of signal detection its signiﬁcance would be quite insensitive to small
changes of these values. The looser Hadronness cut of 0.5 at the lowest
energies is a safe choice that keeps the highest γ-eﬃciency and allows the
most sensitive and reliable calculation of the upper limits.
5.5 Alpha Plots and Light Curves
The cuts are summarized in table 5.3. The resulting Alpha distribution allows
to obtain the number of excess events in the signal region. The signal region
has been chosen diﬀerently for each size bin, being the Alpha peak narrower
at higher energies, and is deﬁned according to the Alpha cuts summarized in
table 5.3. The background region has been chosen as the complementary of
the signal region in the Alpha plot.
The normalization of the OFF-data Alpha plot is done in the following
way. We call Son the number of events in the signal region and Non the
number of events in the background region of the ON-data sample. Similarly
Soﬀ is the number of events in the signal region and Noﬀ the number of events
in the background region of the OFF-data sample. The normalization factor
of the OFF-data sample respect to the ON-data sample is A = Non/Noﬀ and
thus the scaled number of background events in the signal region is A · Soﬀ .
The ﬂuctuation of the total number of events Noﬀ can be approximated by√
Noﬀ , and thus the uncertainty of the background events in the signal region
is








Formula (5.2) will be used later in §5.6 to include the uncertainty on the
background in the upper limit calculation with the Rolke method.
Figures 5.17 and 5.18 show the Alpha plots for all nine GRBs analyzed in
this work at low and high energies, i.e. below and above 400 GeV, over each
GRB total amount of data. The only exception is GRB050509a for which the
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Figure 5.17: Alpha plots for all nine GRBs at low energies.
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Figure 5.18: Alpha plots for all nine GRBs at high energies.
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Figure 5.19: Alpha plots of GRB050421 for each reconstructed energy bin.
Figure 5.20: Alpha plots of GRB050502 for each reconstructed energy bin.
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Figure 5.21: Alpha plots of GRB050505 for each reconstructed energy bin.
Figure 5.22: Alpha plots of GRB050509a for each reconstructed energy bin.
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Figure 5.23: Alpha plots of GRB050713a for each reconstructed energy bin.
ﬁrst hour of data has been taken in bad seeing conditions, as can be infered
from its light curves. In all burst no hints of signal can be found.
Figure 5.19 to 5.27 show the Alpha plots for all GRBs here analyzed for
every reconstructed energy bin used to calculate upper limits. The Alpha
plots have been obtained for the ﬁrst 30 minutes of data; they will be later
used to calculate an upper limit in the same time interval. The eﬀective
time has been properly computed; for example, for GRB050502 a correction
has been applied to compensate the 11 minutes of interruption of the DAQ.
A particular case is GRB050509a. For this burst the ﬁrst 60 minutes have
been skipped because data have been collected in bad sky conditions. In the
two burst, GRB050713a and GRB050904, data overlapped with the prompt
emission has been taken and the Alpha plots have been done also for this
time interval.
The light curves do not show hints of prompt or later emission. In ﬁg-
ure 5.28 the red points represent the excess in 20 s time bin calculated from
Alpha plots and the empty blue circles represent the background level, cal-
culated as Non. The background level is correlated to the amplitude of the
ﬂuctuations as can be seen from the light curves themselves. The time bin-
ning of 20 s has been chosen to assure a signal-to-noise ratio equal to 1 for
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Figure 5.24: Alpha plots of GRB050904 for each reconstructed energy bin.
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Figure 5.25: Alpha plots of GRB060121 for each reconstructed energy bin.
Figure 5.26: Alpha plots of GRB060203 for each reconstructed energy bin.
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Figure 5.27: Alpha plots of GRB060206 for each reconstructed energy bin.
a signal at the Crab level. Assuming a Crab emission, our standard candle,




φCrab(E)Aeﬀ(E|∆Eest) dE ×∆T (5.3)
where φCrab(E) = 1.5× 10−12(E/1 GeV)−2.58 (ph cm−2 s−1 keV−1) is the
Crab ﬂux, ∆Eest is the estimated energy bin and ∆T the time interval of
20 s. For the energy bin 100-400 GeV and for a Crab-like ﬂux, the number of
recorded γ events would be ∼ 8 photons. From ﬁgure 5.30 it can be seen that
this value corresponds to about 1σ of the typical background ﬂuctuations in
this time binning.
A ﬂux lower than the Crab-ﬂux would require a wider time bin to assure
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Figure 5.28: Light curves for all nine observed GRBs.
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Figure 5.29: GRB050509a light curves for the 175-225 GeV energy bin (left)
and for th 300-400 GeV energy bin (right). The strange behavior during the
ﬁrst ∼ 50 min is due to a bad seeing that absorbs low energy events and
increase background for middle-size events. Thus, in our analysis all results
on GRB050509a refer to the data collected since T0 + 60 s.
Figure 5.30: Multiplicity plot for GRB060121 light curve. It can be seen that
it is well ﬁtted by a gaussian with mean 0 and σ  8.
a marginal detection; on the other hand, a larger bin could be equal or
5.6. UPPER LIMITS CALCULATION 121
wider than the typical T90 of a GRB. The chosen 20 s interval represents the
MAGIC time resolution on episodic events at the Crab-ﬂux level.
All light curves do not show signiﬁcant excess although the background
curves have diﬀerent behaviors from burst to burst. Most of them have
quite a steady background, namely GRB050421, GRB050713a, GRB050904,
GRB060121, GRB060203 and GRB060206. GRB050502 has a non steady
background because of the Moon-rise over the sky that increase the NSB
itself. The strange behavior of GRB050505 is due to the zenithal angle range
that starts from 50◦ and goes toward 70◦, where the energy threshold is well
above 1 TeV. Finally GRB050509a has a unusual behavior during the ﬁrst
50 minutes for the reasons already mentioned before.
5.6 Upper Limits Calculation
Since no signal has been found, the upper limits on the ﬂux of the bursts have
been computed from the Alpha plots. An upper limit is an estimate of the
width of the conﬁdence interval for a measurement with null result; it gives
an indication of the precision of the measurement itself given the null result.
This can be calculated by constructing a conﬁdence region for a possible set
of measurements given a certain statistic for the signal. More recent and
reﬁned methods allow the possibility to include nuisance components in the
used statistic, like for example the uncertainty on the background and on
the eﬃciency. In this work the Rolke method [119] has been used. Details
on the upper limit calculation and on the Rolke method are explained in
Appendix B. Once calculated the upper limit in number of events, from the
chosen statistical method, we calculate the ﬂux upper limit in the following
way.





φ(E)Aeﬀ(E|∆Eest) dE ×∆T (5.4)
where φ(E) is the ﬂux (ph cm−2 s−1 GeV−1), Aeﬀ(E|∆Eest) is the eﬀective
area after all cuts, included the estimated energy cut ∆Eest, and ∆T the
total time interval of observation. It should be noted that the ﬂux φ and the
eﬀective area A depend on the true energy, while the cuts for the selection
of the excess events N∆Eest and of the eﬀective area Aeﬀ(E|∆Eest) depend
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on the reconstructed (estimated) energy. The integral is computed in true
energy dE.
Being the eﬀective area Aeﬀ(E|∆Eest) depending on energy, we must as-
sume a spectral shape, in our case the typical a power law of a GRB:






where k is a normalization factor (ph cm−2 s−1 GeV−1), β is the typical
power-law index β = −2.5 and E0 the pivot energy (e.g. 1 GeV). From






N∆Eest is the upper limit in number of events calculated with a certain statis-
tic (e.g. Rolke or Feldman Cousins). The ﬂux upper limit is






The value of the energy E used to calculate the ﬂux upper limit can be
chosen in diﬀerent ways. Since the true energy has a given distribution in
the estimated energy bin ∆Eest we decided to calculate the average observed























= k∗ · 〈(E/E0)β〉Aeﬀ (5.9)
The interpretation of formula (5.9) is the following. Given an observed
number of excess events in an estimated energy bin ∆Eest, the mean observed
ﬂux given the eﬀective area Aeﬀ(E|∆Eest) is the product of the normalization
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factor k∗ calculated from formula (5.6) with the average of the power-law Eβ
over the eﬀective area in the reconstructed energy bin. If N∆Eest is the excess
upper limit and we deﬁne (E∗/E0) ≡ 〈(E/E0)β〉1/βAeﬀ then, from equation (5.7),
we can calculate the ﬂux upper limit at the average of the true energy over
the estimated energy bin:






This E∗ is usually slightly higher than the central value of the estimated
energy bin because of the high energy tail of Aeﬀ(E|∆Eest), and is close to
the energy at which Aeﬀ(E|∆Eest) has its maximum.
The eﬀective area Aeﬀ(E|∆Eest) is calculated after all cuts in hadronness,
dist, reconstructed energy, alpha, and is used for the selection of the number
of events N∆Eest obtained from the Alpha plots. Figure 5.31 shows the eﬀec-
tive areas calculated on Monte Carlo for GRB050904 per each reconstructed
energy bin. The eﬀective area depends on the zenithal angle range of the
selected Monte Carlo sample and weakly on the Monte Carlo hadronness
distribution, since each GRB has been optimized independently. For each
size bin a dedicated set of cuts has been used. The total eﬀective area is
the sum of the eﬀective area of each size bin. Figure 5.32 shows the eﬀective
areas calculated on the Monte Carlo sample used for GRB050509a, that is a
Monte Carlo sample at a higher zenithal angle range.
The ﬂux upper limit depends slightly on the assumed spectral index β.
The energy threshold of about 350 keV of Swift satellite does not allow to
measure the high energy spectral index. Moreover the spectral behavior at
energies six order of magnitude greater than MeV range is not known yet.
The value β = −2.5 for the high energy tail of the Band model [25], has
been chosen as the mean value of the β distribution of the GRBs observed
by BATSE.
The assumed spectrum used in the calculation of the upper limit aﬀects
the energy value E in equation (5.10) but not the upper limit averaged on
the eﬀective area, as it can be seen from equations (5.8) and (5.9). Anyhow,
making the naive assumption that the spectrum has a power-law behavior
with spectral index β also at hundreds of GeV range, we have estimated the
uncertainty on the mean eﬀective area. The β distribution Dβ measured by
BATSE (see ﬁgure 2.10) allows the calculation of the mean eﬀective area
distribution A over the spectral index β
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Figure 5.31: Eﬀective area after all cuts calculated on the Monte Carlo sample
used for GRB050904. Dedicated cuts for each size bin have been used.
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Figure 5.32: Eﬀective area after all cuts calculated on the Monte Carlo sample
used for GRB050509a. Dedicated cuts for each size bin have been used.
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〈Aeﬀ(E|∆Eest)〉β ∼ A (5.11)
calculating the value of 〈Aeﬀ(E|∆Eest)〉 over the distribution Dβ. Figure 5.33
shows the distributionA in the reconstructed energy bin 175-225 GeV, having
an r.m.s. of about 11% respect to the mean. This percentile uncertainty is
negligible respect to the assumed systematic uncertainty on the eﬃciency
(i.e. eﬀective area) of about 30% [88].
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Figure 5.33: Distribution A of the mean eﬀective area over the spectral index
distribution Dβ, for the reconstructed energy bin 175-225 GeV.
Table 5.4 shows the mean and the r.m.s. of the A distribution, σA, for
the six reconstructed energy bins. At higher energies the percentile value of
σA increases because the width of the energy bin increases as well.
Table 5.5 summarizes the calculated upper limits for all GRBs during the
ﬁrst 30 minutes of observation. Due to the bad sky conditions the calculation
of the upper limits for GRB050509a has been done in the 30 minutes of data
after the ﬁrst 50 minutes. Values for the ﬂux upper limit are expressed in
standard ﬂux units (ph cm−2 keV−1), in power ﬂux E2φ(E) unit (erg cm−2)
and in Crab Unit (1 C.U. = 1.5× (E/1GeV)−2.58 (ph cm−2 keV−1 s−1) ).
The ﬂux upper limit has been calculated at the E∗ energy.





80-120 6497 13% 33%
120-175 8143 14% 33%
175-225 7333 11% 32%
225-300 8570 10% 31%
300-400 8218 15% 34%
400-1000 27640 16% 34%
Table 5.4: Percentile uncertainties on the mean eﬀective area due to the
spectral index distribution Dβ; last column shows the root mean square of
the uncertainty σA with the assumed systematic uncertainty on the eﬃciency
σs  30%.
For GRB050713a and GRB050904 upper limits have been calculated also
on the observed prompt emission phase and are reported in table 5.6.
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E∗ Son Soﬀ σoﬀ Nex U.L. < Aeﬀ > Upper Limit
[GeV] 95% CL [cm2] [cm−2 keV−1] [erg cm−2] C.U.
GRB050421
214 160 154 14.0 55.6 1.00× 108 1.83× 10−15 1.35× 10−7 0.7
278 236 265 7.5 18.8 2.52× 108 1.98× 10−16 2.45× 10−8 0.15
364 100 113 2.9 14.4 3.80× 108 9.02× 10−17 1.91× 10−8 0.14
660 29 26 1.1 19.3 9.44× 108 1.76× 10−17 1.23× 10−8 0.12
GRB050502
211 2745 2687 20.5 235.4 1.82× 108 5.24× 10−15 3.72× 10−7 1.92
275 701 657 8.5 146.1 2.47× 108 1.86× 10−15 2.25× 10−7 1.35
363 249 197 5.3 141.6 2.79× 108 1.23× 10−15 2.59× 10−7 1.83
665 229 193 5.7 106.3 6.69× 108 1.33× 10−16 9.44× 10−8 0.95
GRB050505
209 1036 909 12.8 336.0 4.63× 107 2.40× 10−14 1.68× 10−6 8.62
268 2679 2649 29.3 193.3 1.52× 108 3.55× 10−15 4.08× 10−7 2.42
357 1836 1837 10.1 106.4 2.55× 108 9.07× 10−16 1.85× 10−7 1.29
700 630 721 2.5 15.3 1.11× 109 1.16× 10−17 9.10× 10−9 0.09
GRB050509a
210 5623 5380 48.6 679.3 1.20× 108 2.01× 10−14 1.41× 10−6 7.27
276 2735 2724 27.2 161.0 2.13× 108 2.05× 10−15 2.51× 10−7 1.51
363 616 628 3.3 47.0 3.22× 108 3.51× 10−16 7.41× 10−8 0.52
662 208 193 1.0 61.4 9.71× 108 5.41× 10−17 3.79× 10−8 0.38
GRB050713a
214 2002 2036 20.2 80.7 1.06× 108 2.65× 10−15 1.95× 10−7 1.01
233 1976 1910 19.6 233.4 2.53× 108 2.46× 10−15 3.04× 10−7 1.84
364 443 450 8.7 47.0 3.77× 108 2.95× 10−16 6.25× 10−8 0.44
660 215 233 5.8 21.8 9.48× 108 1.99× 10−17 1.39× 10−8 0.14
GRB050904
112 4334 4220 28.2 376.4 1.13× 108 1.71× 10−14 3.44× 10−7 1.23
157 916 952 9.5 42.6 1.65× 108 1.18× 10−15 4.63× 10−8 0.20
214 187 214 4 15.1 1.37× 108 4.28× 10−16 3.13× 10−8 0.16
274 83 82 2.4 25.6 1.55× 108 5.10× 10−16 6.15× 10−8 0.40
372 50 41 2.5 34.5 1.70× 108 4.41× 10−16 9.79× 10−8 0.70
679 19 32 1.3 4.9 4.65× 108 8.10× 10−18 5.98× 10−9 0.06
GRB060121
213 3362 3360 20.1 152.9 1.64× 108 3.19× 10−15 2.31× 10−7 1.19
275 1279 1310 12.5 58.8 2.61× 108 7.09× 10−16 8.58× 10−8 0.52
363 289 267 4.2 81.2 3.14× 108 6.46× 10−16 1.36× 10−7 0.96
661 205 215 3.3 25.4 7.02× 108 3.09× 10−17 2.16× 10−8 0.22
GRB060203
210 4381 4354 20.4 211.9 1.66× 108 4.57× 10−15 3.21× 10−7 1.65
275 1404 1440 10.0 57.0 2.52× 108 6.20× 10−16 7.48× 10−8 0.45
365 346 359 4.0 32.4 3.14× 108 2.45× 10−16 5.22× 10−8 0.37
661 195 203 3.3 26.4 7.59× 108 2.99× 10−17 2.09× 10−8 0.21
GRB060206
112 5909 6194 39.5 51.9 1.13× 108 2.35× 10−15 4.75× 10−8 0.17
156 943 977 7.9 43.9 1.67× 108 1.22× 10−15 4.78× 10−8 0.21
214 175 212 3.0 11.4 1.36× 108 3.24× 10−16 2.37× 10−8 0.12
274 67 63 1.7 27.8 1.53× 108 5.60× 10−16 6.73× 10−8 0.40
374 48 39 1.6 33.6 1.69× 108 4.28× 10−16 9.55× 10−8 0.69
678 34 34 1.4 15.8 4.66× 108 2.64× 10−17 1.94× 10−8 0.20
Table 5.5: Upper limits for all Gamma-Ray Bursts during the ﬁrst 30 minutes
of data taking.
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E∗ Son Soﬀ σoﬀ Nex U.L. Upper Limit
[GeV] 95% CL [cm−2 keV−1 s−1] [erg cm−2 s−1] C.U.
GRB050713a
214 102 107 1.1 19.8 7.24× 10−18 5.31× 10−10 4.98
278 106 97 1.0 41.1 4.81× 10−18 5.95× 10−10 4.49
364 20 21 0.4 10.9 7.59× 10−19 1.61× 10−10 2.05
660 8 9 0.2 7.0 7.10× 10−20 4.96× 10−11 0.89
GRB050904
112 208 184 1.2 78.6 2.68× 10−17 5.40× 10−10 3.48
157 43 56 0.6 7.8 1.64× 10−18 6.41× 10−11 0.5
214 7 12 0.2 4.4 9.31× 10−19 6.82× 10−11 0.64
274 3 2 0.1 7.1 1.06× 10−18 1.28× 10−10 1.39
372 5 2 0.1 11.6 1.11× 10−18 2.48× 10−10 3.20
679 0 3 0.1 1.7 2.09× 10−20 1.54× 10−11 0.28
Table 5.6: Upper limits for GRB050713a and GRB050904 during the prompt
phase. Being the respective observed prompt phases of diﬀerent temporal
duration, ﬂux upper limits have been calculated per time unit.
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Chapter 6
Results
Figure 6.1 shows the GRB spectra that have been measured by satellites at
keV energies (black line on the left) and the estimated upper limits by the
MAGIC telescope. The upper limits are expressed as E2φ(E), where φ(E)
is the ﬂux in (ph cm−2 s−1 keV−1) integrated over time, i.e. over the ﬁrst
30 minutes of observation. Also the GRB spectra are expressed in integrated
ﬂux over time.
The sensitivity is deﬁned as the ﬂux observable at 5σ of signiﬁcance in
50 hours of observation of a Crab-like spectrum. The scaling of the sensitivity
is done in a simple way.
In each plot the telescope sensitivity (red line on the right) is shown, for
the corresponding zenithal angle range, as presented in ﬁgure 1.14 but scaled
to the 30 minutes of observation.
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where Ton and Toﬀ are the ON-source and OFF-source times of data taking,
Ron and Roﬀ are the rates of ON-source and OFF-source data respectively,
α = Ton/Toﬀ and φ(E) is the source spectrum (Crab-like shaped).
The signiﬁcance is proportional to
√
Ton. Thus the sensitivity is the ﬂux
φ5σ(E) that gives Nσ = 5 for a Crab-like spectral shape. On a diﬀerent
time interval T ′on we will have a diﬀerent ﬂux φ
′
5σ(E) = k · φ5σ(E), where
k is a scaling factor, providing a 5σ signiﬁcance. Assuming that α remains






For a 30 minutes observation, we have a sensitivity 10 times worse than
the one for 50 h observation. Formula (6.2) is true under the assumption that
α is constant. This cannot be always granted because of schedule reasons.
Nevertheless it is usually the case when calculating the sensitivity. In fact,
a value for α that maximizes the signiﬁcance calculation is commonly cho-
sen. Formula (6.1) is an approximation under several assumptions, but more
reﬁned calculations give compatible results for small signiﬁcance signals [12].
An additional remark is worth before proceeding with the discussion. All
γ-astronomy experiments have this operative deﬁnition of sensitivity. This
implies that it is not possible to provide a precise measurement of the sen-
sitivity for every observation, because it would require a Crab sample taken
in the same experimental conditions, which are hard or impossible for an
observational experiment like a ground based telescope. The measured sen-
sitivity is indeed estimated over a wide sample of data taken in many diﬀerent
conditions. For this reason strong ﬂuctuations on the upper limits, and in
general of the measurements, could be observed around the given telescope
sensitivity.
6.1 GRB050421
GRB050421 was triggered by Swift/BAT at 04h 11m 52s UTC on 21th April
2005. Coordinates were R.A. = 20h 28m 58s, Dec. = +73d 39′ 54′′ with an
uncertainty of 4 arcmin [91]. Its duration in 15-350 keV range is 10.3 s with
a total ﬂuence of 1.8 × 10−7 erg cm−2. Swift/XRT could observe the burst
in the 0.2-10 keV range since T0 + 116 s until T0 + 591 s whose light curve
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Figure 6.1: GRB observed spectra by satellites (blach line on the left) and
upper limits set by MAGIC for its ﬁrst 30 minutes of data. MAGIC sensi-
tivity (red line on the right) is also plotted.
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can be described by a broken power-law, i.e. the achromatic break has been
observed at T0 + 147 s. No optical counterpart has been observed by optical
telescopes, thus GRB050421 is catalogued as a dark burst. Because of the
low sensitivity of Swift/BAT above 200 keV no peak energy measurement
could be properly done, and thus only the low energy power-law regime is
available, with a spectral index α = −1.7 ± 0.4 and thus no exponential
cut-oﬀ of the Band model (equation (2.6) ) can be applied.
6.2 GRB050502a
GRB050502a was triggered by INTEGRAL at 02h 13m 57s UTC on 2nd May
2005. Coordinates were R.A. = 13h 29m 46s, Dec. = 42d 40′ 27′′ with an un-
certainty of 2 arcmin [90]. Its duration in 20-200 keV range is 20 s with a total
ﬂuence of 1.4× 10−6 erg cm−2 [92] and a peak ﬂux of 1× 10−7 erg cm−2 s−1.
No X-ray counterpart has been observed but an optical afterglow followed
the burst [91, 93], a tentative red-shift measurement gives z = 3.793. Unfor-
tunately INTEGRAL provides only a ﬂuence measurement but no spectral
information. The spectral shape in ﬁgure 6.1 is plotted as a dashed line and
the mean spectral index α = −1 has been used. This spectrum must be
considered as tentative, with the mean spectral index α taken from [25] (see
ﬁgure 2.10).
This burst has been observed by MAGIC during moon-light, and thus
with a high night sky background level. This is probably the reason for
having estimated such high upper limits, in particular much higher than the
measured sensitivity as described above.
6.3 GRB050505
GRB050505 was triggered by Swift/BAT at 23h 22m 21s UTC on 5th May
2005. Coordinates were R.A. = 9h 27m 03s, Dec. = +30d 16′ 21′′ with an un-
certainty of 4 arcmin [94]. It was a long burst T90 = 60 s in 15-350 keV
range with a total ﬂuence of 4.1 × 10−6 erg cm−2 and a low spectral index
α = 1.5± 0.1 [96]. Both X-ray and optical observations followed the burst,
providing a red-shift measurement of z = 4.27. This is thus a very distant
burst. Also for this burst no peak energy measurement could be done, there-




GRB050509a was triggered by Swift/BAT at 1h 46m 28s UTC on 9th May
2005. Coordinates were R.A. = 20h 42m 20s, Dec. = +54d 04′ 16′′ with an
uncertainty of 3 arcmin [97]. Its duration was T90 = 13 s in 15-350 keV
range with a total ﬂuence of 4.6× 10−7 erg cm−2 and a low energy spectral
index α = 2.1±0.2 [98]. This is a weak GRB with a very soft spectrum with
respect to the average of GRBs. Only a X-ray counterpart could be observed
at latter time by Swift/XRT instrument and no red-shift measurement was
possible.
Actually the upper limits set by MAGIC refer to the data collected one
hour after the burst T0, because of the anomaly of the data recorded during
the ﬁrst hour as can be seen in ﬁgure 5.29, possibly due to bad seeing of the
sky.
6.5 GRB050528
GRB050528 was triggered by Swift/BAT at 4h 06m 45s UTC on 28th May
2005. Coordinates were R.A. = 23h 34m 04s, Dec. = +45d 56′ 17′′ with an
uncertainty of 4 arcmin [99]. Its duration was T90 = 11 s in 15-350 keV range
with a total ﬂuence of 5.1 × 10−7 erg cm−2 [100]. Only a x-ray counterpart
could be observed at latter time by Swift/XRT instrument and no red-shift
measurement was possible. Unfortunately the collected data are strongly
aﬀected by hardware problems that avoid any possible analysis with physical
meaning, as can be seen in §5.4.
6.6 GRB050713a
This burst is of particular interest being the ﬁrst burst with observed prompt
emission by MAGIC [115]. On 13th July 2005 at 4:29:02 UT the BAT in-
strument on board Swift detected a burst located at RA 21h 22m 09s.53,
DEC +77d 04′ 29′′.50 with an uncertainty of 3 arcmin [102]. The MAGIC
alert system received and validated the alert 12 s after the burst, and data
taking started 40 s after the burst original time (T0) [114].
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The burst was classiﬁed by Swift as a bright burst with a duration of
T90 = 70 ± 10 s. The brightest part of the keV emission occured within
T0 +20 s, three smaller peaks followed at T0 +50 s, T0 +65 s and T0 +105 s,
while a pre-burst peak took place at T0−60 s. (see ﬁgure 6.2). The spectrum,
over the interval from T0−70 s to T0+121 s, can be ﬁt with a power-law with
photon index −1.58± 0.07 and yields a ﬂuence of 9.1× 10−6 ergcm−2 in the
15÷ 350 keV range [103]. The burst triggered also Konus-Wind [101], which
measured the spectrum of the burst during the ﬁrst 16 s, that is the duration
of the ﬁrst big peak as reported by Swift. Because of the wider energy range
available, Konus-Wind provided a measurement of the break energy, and thus
of the peak energy, to be applied to the Band model, Ebreak = 355± keV.
Figure 6.2: (left) Black solid line is the Swift/BAT light-curve of
GRB050713a in the 15-350 keV energy range, blue dots are rates of ex-
cess events measures by MAGIC above 175 GeV; picture fom [115]. (right)
GRB050713a spectrum by Swift/BAT and Konus-Wind and 95% C.L. up-
per limits set by MAGIC in the 90 s of overlapped observation; the dashed
line is the spectrum observed by satellites scaled by the percentile value of
the observed ﬂuence by MAGIC; the high energy spectral index of the Band
model has been assumed to be β = −2.5.
With prompt emission data, it is possible to calculate upper limits on the
prompt emission and compare them to the observed ﬂux at other energies.
Figure 6.2 shows on the left the Swift/BAT light-curve detected in the 15-
350 keV energy range overlaid by the MAGIC one above 175 GeV, as already
presented in [115]. It can be seen that MAGIC observation of the prompt
emission is done on the last part of the burst, where about 10% of the total
ﬂuence has been emitted. Figure 6.2 shows the upper limits presented in
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table 5.6 related to the 90 s of observation between the burst T0 + 40 s and
T0 + 130 s. The solid thick line refers to the Swift/BAT observation of the
burst, while the solid thin line is the extrapolation of the high energy part
of the Band model for a high energy spectral index β = −2.5. This extrapo-
lation must be considered as a tentative spectrum extrapolation, having no
proper measurement of the actual β for this burst, where the mean value of -
2.5 has been used. The dashed line, instead, represents the same Swift/BAT
spectrum but scaled by a factor 0.1, the approximate fraction of prompt
emission ﬂuence observed by MAGIC. The upper limits here presented are
a little bit lower than the published ones in [115]. One of the reason is a
diﬀerent optimization of the general cuts used in the analysis as well as a
diﬀerent training of the Random Forest used for the γ-hadron separation.
Another reason is the diﬀerent background used for the upper limit calcu-
lation. In the paper a background sample of the same size as the ON-data
sample has been used in the statistic to calculate the upper limit with the
Rolke method. In this work the whole OFF-data sample has been used, and
thus the uncertainty of the background σoﬀ deﬁned in equation (5.2) has a
lower value, and thus the Rolke upper limit decreases a little bit. Anyhow it
does not decrease enough to become able to discriminate the extrapolation
of the synchrotron spectrum, but remains above the extrapolation.
This burst is of particular interest also for the Multi Wave Length ob-
servation that has been possible to do with several instruments [116], from
optical to GeV energies, namely with RAPTOR-S robotic telescope at Los
Alamos National Laboratory, Swift and Konus-Wind in the keV-MeV energy
range and MAGIC in the GeV-TeV energy range. Afterglow observations has
been done also by the robotic Liverpool Telescope and the Northern Opti-
cal Telescope at the Roque de los Muchachos in the optical range, and by
XMM-Newton in the X-ray energy range.
6.7 GRB050904
Also this burst is of particular interest for us, being the second and the
last burst with prompt emission observed by MAGIC. It was triggered on
4th September 2005 at 01:51:44 UT by Swift/BAT [104], coordinates were
RA 0h 54m 50s.79, DEC +14d 05′ 09′′.42. Swift/XRT slewed promptly and
started the observation at T0+161 s, revealing an uncatalogued fading source.
It is a long burst T90 = 225 s with a total ﬂuence in the 15-150 keV range
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of 5.4× 10−6 erg cm−2 [105]. Actually, this burst extremely distant with an
estimated red-shift z = 6.29! This is the most distant burst ever observed.
Also for this burst no peak energy measurement was possible, so it was
possible to ﬁt only a simple power-law with spectral index α = −1.34±0.06.
Its X-ray light curve does not fade like a power low, as GRBs afterglows
usually do, but there are continuos variations (ﬂares) that suggest contin-
ued energy injection by the central engine, at least for the ﬁrst hundreds of
seconds.
6.8 GRB060121
On 21th January 2006 at 22:24:54 UTC, HETE II triggered this short hard
Gamma-Ray Burst at coordinates RA 09h 09m 52s.18, DEC +45d 39′ 37′′.42
with an uncertainty of 8 arcmin [106]. The duration in the 20 keV - 1 MeV
energy range was T90 = 2 s . In the same range the total ﬂuence measured by
Konus-Wind is 4.7×10−6 erg cm−2 with a peak ﬂux of 1.64×10−5 erg cm−2
[107]. For this burst we have the measurement of both spectral indices of the
band model by Konus-Wind, and precisely α = −0.51 and β = −2.39.
Also Swift/XRT observed the afterglow and detected an X-ray fading
source inside HETE II error box, while an optical counterpart is not con-
ﬁrmed by TNG which detected a weak source inside the XRT error box.
Moreover HST gave no evidence of optical afterglow even if the burst lies
close to a faint red galaxy at high red-shift. Further analysis reveals that
there are two galaxies near the burst location, both with z = 0.15 and repec-
tively 4.5 and 6 arcmin from the Swift/XRT position.
6.9 GRB060203
Triggered by Swift/BAT on 3rd Febryary 2006 at 23:55:35 UTC, coordinates
RA 06h 54m 03s.85, DEC +71d 48′ 38′′.40 with an uncertainty of 3 arcmin
[108, 109]. It is a long burst with T90 = 60 s and ﬂuence of 8.5 × 10−7
erg cm−2 in the 15-150 keV energy range and a low energy spectral index
α = −1.62 ± 0.23 [110]. No peak energy measurement was possible, this is
indeed a weak burst.
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This last burst was also triggered by Swift/BAT on 6th February 2006 at
04:46:53 UTC with coordinates RA 13h 31m43s.42, DEC +35d03′03′′.60 with
an uncertainty of 3 arcmin [111]. The Swift/BAT light curve shows a single
gaussian peak structure from T0− 1 to T0 +10 s, for a total T90 = 11 s and a
ﬂuence in the 15-350 keV of 8.4× 10−7 erg cm−2 [112]. Swift could measure
the peak energy Epeak = 75.4 ± 19.5 keV and apply a ﬁt to the data using
the typical low energy Band function of a power-law, with spectral index
α = −1.06± 0.34, with an exponential cut-oﬀ. No clear measurement of the
jet-break was possible. A red-shift measurement gives a value of z = 4.05
[113], i.e. it is a very distant source.
6.11 Discussion
All upper limits here calculated above 100 GeV seem to be consistent with
the measured sensitivity, as can be seen in ﬁgure 6.1. Only for GRB050502a
the calculated upper limits are much higher than the calculated sensitivity,
the reason being that this burst has been observed during an almost full
Moon night, with a high NSB that increases the background and thus the
upper limit calculation (see ﬁgure 5.29). Thus it is natural to try to constrain
theoretical models related to the VHE emission by GRBs.
The ﬁrst constraint that can be put is on the synchrotron spectrum of
the prompt emission produced during the internal shocks of the relativistic
ﬂow. In fact, the synchrotron spectrum shows a cut-oﬀ due to the sycrotron
cooling, and the energy at which this cut-oﬀ takes place depends on the
Lorentz factor of the relativistic ejecta [66]. This can be possible only if there
is an overlapped observation of the prompt emission, and this is the case
for GRB050713a and GRB050904. Concerning GRB050713a the tentative
extrapolation of the Band spectrum upward to MAGIC energies still remains
below our upper limits, in particular if considering the fraction of the total
ﬂuence observed by MAGIC. Thus no constraint can be put on the VHE
synchrotron emission. For what concerns the possible VHE emission due to
IC component [51] or hadronic-synchrotron component [53], we must remind
that the VHE photons scattering with the EBL apply a cut-oﬀ to the VHE
tail of any kind of spectrum. According to [7] MAGIC tolerance on red-shift,
i.e. the maximal red-shift still tolerable for observation, is about z  1 and
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decreases with zenith angle, being the telescope energy threshold increasing
with it. GRB050713a has an unknown red-shift, moreover the average of
the Swift bursts red-shift distribution is very high, zave  2.7 as can be
seen in ﬁgure 2.14, while only less than 20% of GRBs have a red-shift lower
than 1. It is therefore impossible to put a constraint on the possible second
VHE component that should accompany the shock synchrotron component
described by the Band model.
The case of GRB050904 is diﬀerent because we know very well the dis-
tance of this burst, an extremely high red-shift z = 6.3. This means that
there is no chance to detect any possible VHE emission above 100 GeV,
therefore no constraint can be put.
Upper limits on the other observed bursts can refer only to the pos-
sible VHE delayed emission, but the arguments about the red-shift con-
straints on the observable ﬂuxes are still valid: GRB050502, GRB050505
and GRB060206 have a very high redshift, z = 3.79, 4.27, 4.05 respectively
and then with cosmological cut-oﬀ to their possible VHE tail below 50 GeV,
according to [7]; GRB050421, GRB050509a, GRB060121 and GRB060203,
instead, all have an unknown red-shift that avoid possible constraining of
the VHE ﬂuxes being the typical distance of GRBs much higher that the
tolerated one by MAGIC.
Conclusion
The MAGIC telescope has been designed with several technological innova-
tions with special attention to the observation of Gamma-Ray Bursts. A
light carbon-ﬁber structure together with a powerful tracking system allow
to reposition the telescope to any observable point in the sky in less than
30 seconds. The possibility of a quick movement is not suﬃcient for the
observation of Gamma-Ray Bursts, an eﬃcient alarm system is required as
well.
As discussed in §4, during the last two years a GRB Alarm System has
been developed by the candidate and installed on the MAGIC telescope. It
provides a full-time monitoring of the GCN seeking for GRB alerts origi-
nated by satellites, whose instruments can perform a sky-survey and provide
triggers on GRB keV-MeV emission. Satellites currently managing this task
are: Swift, INTEGRAL, HETE II and Konus-Wind (actually Konus-Wind
performs sky-survey but does not generate fast alerts).
Thanks to the fast generation of triggers by these satellites and to the
fast transmission properties of the GCN as well, it is possible to receive GRB
alerts at the MAGIC site after few seconds since the burst T0 original time.
The GRB Alarm System implemented at the Telescope site is interfaced
with the Central Control System and it allows an automatic reaction of the
Telescope to the incoming alerts for an immediate observation of the Burst,
thus allowing to start the data acquisition few tens of seconds only since the
burst T0.
An observation strategy has been developed according to the observations
by past experiments and the prediction by theoretical models on VHE emis-
sion. This strategy has been reﬁned during the last year of GRB observations,
attempting to maximize the reliability of the GRB observations, taking into
account the duty-cycle constraints and the predicted timing features of the
VHE component of GRBs.
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The innovative design of the Telescope, together with a dedicated GRB
Alarm System and with a proper GRB observation strategy, allowed to per-
form the ﬁrst VHE observation of the early afterglow of nine GRBs during
past cycle of observation and to collect data on the prompt emission of two
bursts: GRB050713a and GRB050904. These observations are very impor-
tant being the ﬁrst observations of the prompt emission by a Cherenkov
Telescope, in particular since the MAGIC Telescope which is an instrument
with a lower energy threshold and a higher sensitivity than the ground-based
VHE detectors of the previous generation.
A complete analysis procedure has been developed from the data reduc-
tion to the signal extraction. Timing analysis allowed to check the existence
of the signal and the background properties, as well as the stability of the
observation conditions during data taking. No hint of a VHE signal has
been found but upper limits have been calculated. For GRB050713a and
GRB050904 these limits have been calculated also for the overlapped obser-
vation of the prompt emission with Swift satellite.
The comparison of the VHE upper limits here calculated with the GRB
spectra observed at keV-MeV energies by satellites has been done but no
constraints on GRB models has been possible to extract. The reason of
this diﬃculty is due to a series of unfavorable observational conditions that
avoided to make conﬁdent observations of the possible VHE component.
These constraints on the MAGIC observations ore mainly of two origins.
The former is realted to duty-cycle features that constraint the available time
and coordinates useful for observations. This is the case for GRB050408 and
GRB050509b when it was not possible to perform observations of the prompt
phase neither of the early afterglow.
The latter cause comes from the general properties of GRBs observed by
satellites. According to the new GRB observations by Swift the red-shift
distribution of the observed bursts has about doubled with respect to the
the observations by past satellites. The reason of this is not well understood
(maybe a diﬀerent sensitivity to distant burst), anyhow only about 20% of
all currently triggered bursts have a red-shift z  1, our acceptable limit
because of EBL scattering with VHE photons. Moreover for many bursts it
is not possible to derive a reliable red-shift measurement. This makes very
diﬃcult or even impossible the understanding of the eﬀect of EBL scattering,
extremely important at our energies because of the cosmological origin of
GRBs.
This unfavorable series of observational conditions constrained our results
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but does not avoid to make conﬁdent observations that will lead to mean-
ingful constraints on the GRB physics. First of all several works are still in
progress to reduce the energy threshold at analysis level. This will have the
eﬀect to increase the sensitivity of the Telescope at low energies, thus to in-
crease also the acceptable limit for red-shift of the bursts. Moreover, the new
generation satellites for γ-ray astronomy, those which will be able to perform
GRB monitoring, will increase the statistic of GRB alerts. In the next future
GLAST and AGILE will be launched and will perform GRB monitoring and
alerting up to energies of few tens of GeV, or even few hundreds of GeV in
the case of GLAST. It will be possible to make simultaneous observations in
an overlapping energy range, and thus to extract useful informations about
the HE energy tail. This will help us in better understanding how strong
should be the extrapolated ﬂux at our energies, as well as how the EBL scat-
tering is aﬀecting the observed ﬂux. In any case, the increase of statistic
of GRB alerts will increase the chances to make observations of bursts not
constrained by duty-cycle neither by EBL scattering.
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Appendix A
Test for GRB Isotropy
We present more in details the tests done on GRB isotropy. For the tests
current BATSE catalog1 has been used. The ﬁrst test consists in the cal-
culation of dipole and quadrupole moments in diﬀerent coordinate system
for diﬀerent GRB subsample, checking possible GRB aggregations accord-
ing to the galactic and solar structure. The second test is actually a proper
Hypothesis Testing by the Pearson Test and the Kolmogorov Test.
A.1 Dipole and Quadrupole Moments
Dipole and quadrupole moments arise from the multipole expansion, a series
expansion, of the eﬀect produced by a certain system which depends on an
expansion parameter that becomes smaller as the distance from the system
itself increases.
We have a coordinate system, an observer and a particle system, ﬁg-
ure A.1 represents it, we obtain d ≡ R− r, cos θ = R and from the cosinus
formula
1Current BATSE catalog is available in electronic format at
http://cossc.gsfc.nasa.gov/docs/cgro/batse/BATSE Ctlg/index.html and con-
tains all basic informations for all 2704 GRBs detected from 19th April, 1991 until
26th May, 2000. In the catalog coordinates are written both in RA/DEC and galactic
Longitude/Latitude. The error on coordinates is the radius of a circle having the same
area as the 68% confidence ellipse defined by the formal covariance matrix from a χ2 fit
on the assumption of normal errors. Therefore the error presented is the pure statistical
uncertainty in the BATSE measuremet.
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d = R − r
Origin
Figure A.1: Relative position of an object to an observer in a certain coor-
dinate system.















(1− µ + 2)− 12 (A.2)
We know that (1 − µ + 2)−1/2 is the generating function of the Legendre
Polynomials Pn(x), i.e.























This means that any potential decreasing as 1/d can be written as equa-
tion (A.4). For example the gravitational potential dV ∝ dm/d is (we neglet
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and is generally called as follow
0 1 2 3 4 n
monopole dipole quadrupole octupole sextupole multipole
We make now some assuptions:
• the mass distribution is at a ﬁxed spherical surface centered in the origin
of the coordinates coordinates (we do not know distance of GRBs);
• the mass distribution is symmetric with azimuth (cylindrical symme-
try).
Passing from cartesian coordinates to spherical coordinates (x, y, z) −→ (θ, φ, r),










Pn(µ)λ(θ) sin θ dθ (A.9)
where σ(θ, φ) is the surface density mass, λ(θ) is the zenithal density mass
after the integration over φ, and r has been set constant to unit. Changing






where λ′(µ) ≡ λ(arccos(µ)). Being P1(x) = x and P2(x) = (3x2−1)/2 we can
ﬁnally calculate the dipole and quadrupole moment of the mass distribution
V1 =
∫
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where M =
∫
λ′(µ) dµ is the total mass of the system. From ﬁgure A.2
you can see plotted values for P1(µ) and P2(µ). It is evident that dipole
moments are more sensitive to mass distributions along the z axis of the co-
ordinate system, while quadrupole moments are sensitive to distributions at



























Figure A.2: Shape of dipole moment (left) and quadrupole moment (right).
It is evident that the dipole moment of a distribution is more sensitive to
North/South poles concentrations, while the quadrupole moment is sensitive
for distributions along the z axis and/or along the equatorial plane of the
related coordinate system.
We want to check possible aggregation of GRBs at the galactic center
and along the galactic plane. Possible aggregation along the equatorial co-
ordinates system are also checked. In table A.1 are reported the tipical dis-
tributions to which dipole and quadrupole moments are sensitive according
to the choosen coordinate system.
Dipole and quadrupole tests have been done for the whole BATSE catalog
as well as for some subsamples: short (T90 < 2 s) and long (T90 > 2 s) GRBs,
bright (F > 1× 10−6 erg s−1 cm−2) and faint (F < 1× 10−6 erg s−1 cm−2)
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Statistic Coordinate Moment for Mean µ for Sensitive to predicted Signature of predicted
System test isotropy concentration at concentration
〈cos θ〉 Galactic Dipole 0 Galactic Center > µ
〈sin2 b− 1
3
〉 Galactic Quadrupole 0 Galactic Plane < µ
〈sin δ〉 Equatorial Dipole 0 Earth N pole > µ
〈sin2 δ − 1
3
〉 Galactic Quadruole 0 Earth poles > µ
Table A.1: θ is the angle between the GRB and the Galactic Center; b is the
galactic latitude; δ is declination.
GRBs, where F is the total ﬂuence of the burst. Table 2.1 at page 48 shows
the results of the calculation. Results are in agreement with what refered
in [117].
A.2 Hypothesis Test
Hypotesis testing has been done by the Pearson Test and by the Kolmogorov
Test. For both it is needed to supply a proper probability density function
(p.d.f.) to describe the assumed isotropical distribution. Being the BATSE
sky coverage non uniform, such p.d.f. must be corrected with BATSE expo-
sure2.
A.2.1 Pearson Test
We have a p.d.f. and nmeasurements of an observable X: {xj, j = 1, 2, . . . , n}
(in our case n GRB coordinates measurements). We divide our p.d.f. in k
bins {∆xi, i = 1, 2 , . . . , k} and call ri the number of times we obtained
from our measurements X = x ∈ ∆xi. The probability distribution of ri is





we have E(ri) = npi and Var(ri) = npi(1− pi) ≈ npi for a division of the
p.d.f in enough classes to have a small pi for each class. In the limit n →∞
the binomial distribution becomes Normal with mean npi and variance npi.
2available at
http://cossc.gsfc.nasa.gov/docs/cgro/batse/BATSE Ctlg/exposure.html
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We remark that this approximation is valid under the assumption of having
as much classes as possible but still keeping enough statistic in each class.
Conventionally it is assumed that the binomial distribution approximates
well enough to the Normal if n · pi > 5 for all classes.
Assuming that the approximation holds, we deﬁne the variable
zi =
ri − n · pi√
n · pi ∼ N(0, 1) (A.14)










The reduction of degrees of freedom by one is due to the constraint∑
ri = n. Anyhow this result is indipendent on the p.d.f. f(x) of the ran-
dom variable x. Therefore the variable u is distributed as the bell shaped χ2
with k− 1 degrees of freedom, and thus many experiments would give many
results for u around value k− 1 and less on the tails. Given our hypotesis H





A wrong hypotesis would produce in average larger values for u and con-
sequently the integral (A.16) would be smaller. Abnormally small values for




χ2k−1(u) du = 1− PH(uM) (A.17)
and this must be reasonable.
BATSE exposure table3 depends only on declination as long as right as-
cension is uniformly covered due to the satellite orbiting. Figure A.3 shows
the pearson test for the whole BATSE catalog according to a p.d.f. deﬁned
by the BATSE exposure table. The same test has been done for long, short,
bright and faint GRB subsamples. Results are summarized in table A.2.
The Pearson Test has been done also in a 2D representation of the sky.
Having the BATSE exposure table function of declination only, a MC has
3available at
http://cossc.gsfc.nasa.gov/docs/cgro/batse/BATSE Ctlg/exposure.html
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Figure A.3: Pearson Test for the whole BATSE catalog according to BATSE
exposure table (function of declination only). The red line represents the
p.d.f. (BATSE exposure table) while black points are BATSE data. Error
bars are statistical errors only.
Sample u P (u) χ2 χ235 d.o.f.
4B 34.3 0.57 0.97 33.95 35
T90 < 2 s 29.9 0.70 0.98 34.3 35
T90 > 2 s 32.2 0.65 0.99 34.65 35
F < 10−6 erg cm−2 42.4 0.12 1.21 39.2 35
F > 10−6 erg cm−2 23.3 0.92 0.70 24.5 35
Table A.2: Results of Pearson Test according to a p.d.f. function only of
Declination. χ2 is normalized to d.o.f.= k − 1 (χ2 = χ2k−1/(k − 1)). Values
for u are distributed around
been prepared and run to write a 2D exposure table in galactic coordinates
weighted with BATSE declination exposure table. The following equations
convert equatorial to galactic coordinates:
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cos (b) cos (l − 33◦) = cos (δ) cos (α− 282.25◦) (A.18)
cos (b) sin (l − 33◦) = sin (δ) sin (62.6◦) +
+ cos (δ) sin (α− 282.25◦) cos (62.6◦) (A.19)
sin (b) = sin (δ) cos (62.6◦) +
− cos (δ) sin (α− 282.25◦) sin (62.6◦) (A.20)
where b is the galactic latitude, l the galactic longitude, δ declination and
α right ascension. Moreover, to simplify calculations in the test, another
conversion into sinusoidal coordinates has been applied: x = b, y = l sin (b).
Such choice is useful because sinusoidal coordinates have the property to
keep an area element equal to the true area element in spherical coordinates
dσ = dx dy = sin (b) db dl, being the Jacobian∣∣∣∣ 1 0l cos (b) sin (b)
∣∣∣∣ = sin (b) (A.21)
Results for the 2D Pearson Test are shown in table A.3
Sample u P (u) χ2 χ258 d.o.f.
4B 91.8 0.02 1.40 81.20 58
T90 < 2 s 93.2 0.01 2.16 125.28 58
T90 > 2 s 78.3 0.22 1.31 75.98 58
F < 10−6 erg cm−2 55.9 0.12 1.08 62.64 58
F > 10−6 erg cm−2 108.2 0.00 1.55 89.9 58
Table A.3: Results of Pearson Test according to a p.d.f. in galactic coordi-
nates. χ2 is normalized to d.o.f.=k− 1 (χ2 = χ2k−1/(k− 1)). Values for u are
distributed around d.o.f.
A.2.2 Kolmogorov Test
Kolmogorov-Smirnov Test is a very popular test for hypotesis testing proba-
bly because of its simplicity and rapidity to be executed. Given n measure-
ments of an observable X: {xi, i = 1, 2, . . . , n} and its p.d.f., it is possible
to create the cumulative distribution of the data sample
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S(x) =
∑n
i=1 xi | xi < x
n
(A.22)
and then just simply calculate the maximal distance between the data cu-
mulative distribution and the p.d.f. cumulative distribution F (x)
D = max |S(x)− F (x)| (A.23)
Kolmogorov has shown that the limiting distribution of D · √n is:
lim
n→+∞
P (z < D · √n) = 2
+∞∑
r=1
(−1)r−1 exp (−2r2z2) (A.24)
where z is the diﬀerence between data and p.d.f. cumulative distributions
z = |S(x)− F (x)|. Figure A.4 shows the data and p.d.f. cumulative distri-
butions for the same data samples used for the PearsonTest, table A.4
summarize the results.
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Figure A.4: Kolmogorov-Smirnov Test for the whole BATSE catalog accord-
ing BATSE exposure table (function of declination only). The red line rep-
resents the p.d.f. (BATSE exposure table) while black line is the cumulative
distribution of BATSE data.
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Sample D P (z < D · √N) N
4B 0.012 0.83 2704
T90 < 2 s 0.040 0.44 499
T90 > 2 s 0.015 0.86 1539
F < 10−6 erg cm−2 0.049 0.11 615
F > 10−6 erg cm−2 0.016 0.84 1423
Table A.4: Results of Kolmogorov-Smirnov Test according to a p.d.f. func-
tion only of Declination.
Appendix B
Upper Limit in Presence of
Background Noise
The method used to derive the upper limit is due to W.A. Rolke [119]. It uses
the same approach as the method proposed by Feldman and Cousins [118],
which consists in the Neyman construction together with with an ordering
principle based on the likelihood ratio test statistic, in order to provide a
uniﬁed approach for the two side conﬁdence interval or upper limit calculation
without the experimenter having this decision. But while this last method
requires a precise knowledge of the background, and indeed can fail when used
in presence of background uncertainty, the new Rolke method additionally
provides the treatment of the background uncertainty as a statistical error.
Moreover, this method can extend also to the case of the presence of an
additional background (source of noise) very easily. Here we summarize the
Rolke method, used in this work, as presented in [119].
Before explaining how to calculate the conﬁdence interval let’s ﬁx few
things. We observe x events in the signal region and y events in the back-
ground region, and let’s assume that the size of the background region is τ
times the size of the signal region. Then, the model adopted for the proba-
bility of the observed data is
X ∼ Pois(µ + b), Y ∼ Pois(τb) (B.1)
where µ is the signal rate and b the background rate, while Pois(x) is the usual
Poisson distribution. Assuming that X and Y are independent variables then
the probability to have the (x, y) measurement is
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B.1 The Confidence Region for µ and b
We ﬁrst construct the conﬁdence region (or interval for one dimensional
cases). A common technique is to ﬁnd a corresponding hypothesis test and
then to invert the test. We start with a null hypothesis H0 on both µ0 and b0
and construct the acceptance region for the null hypothesis by the following
ordering principle:
1. We ﬁrst list all observations (xi, yi), i = 1, . . . , k, together with their
probabilities









we list only those observations whose probability is above a certain
minimal value, for instance 10−6.
2. Sort the observations from the most likely to the most unlikely.
3. Find the partial sums from the largest to the kth observation until the
value 1− α is reached, where α is the requested level for the test.
4. If the observation (x, y) appears in the cumulative probability distribu-
tion before 1− α is reached accept the null hypothesis, otherwise reject
it and try with another null hypothesis.
This method to create the acceptance region for the null hypothesis is
actually the Neyman construction as used in [118], with the diﬀerence that
uses another ordering principle and simply checks whether or not the ob-
served (x, y) validates the null hypothesis.
The inversion of the test is done by the usual hypothesis testing: if a pair
(µ, b) leads to the acceptance of the null hypothesis, previously validated
by the observations, then add the pair to the conﬁdence region otherwise do
not. Figure B.1 shows an example of conﬁdence regions obtained from four
observations. A possibility to ﬁnd the conﬁdence interval for µ could be to
take the maximal and minimal values all over the two-dimensional conﬁdence
region, but this could lead also to overcoverage. Let’s see how to create a
conﬁdence interval for µ.
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Figure B.1: Two-dimensional conﬁdence regions for x = 3, 4, 5, 6 signal events
and y = 3 background events according to statistic (B.2). The background
region is twice the size of the signal region and a 90% conﬁdence level is used.
Picture from [119].
B.2 The Confidence Interval for µ
Again we start with a null hypothesis but here we ﬁx only the signal rate
H0 : µ = µ0. The hypothesis test is performed by the likelihood ratio test,
which is based on the likelihood ratio test statistic Λ given by
Λ(µ0; x,y) =
max {l(µ0, b; x, y) : b ≥ 0}
max {l(µ, b; x, y) : µ ≥ 0, b ≥ 0} (B.4)
Here l(µ, b; x, y) = Pµ,b(X = x, Y = y) is the likelihood function of µ and b
given the observation(x, y). This test statistic can be thought of as the ratio
of the best explanation for the data if H0 is true and the best explanation
for the data if no assumption is made on µ. The denominator is simply the
likelihood function evaluated at the usual maximum likelihood estimator. To
ﬁnd the numerator we have to ﬁnd the maximum likelihood estimator of the
background rate b assuming that the signal rate is known to be µ0.
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∂
∂b
log l(µ0, b; x, y) =
x
µ0 + b
− 1 + y
b
− τ .= 0 (B.5)
b̂ =
x + y − (1 + τ)µ0 +
√
(x + y − (1 + τ)µ0)2 + 4(1 + τ)yµ0
2(1 + τ)
(B.6)
l(µ, b̂; x, y) is called the proﬁle likelihood function of µ. The usefulness of
the likelihood ratio test statistic lies in the fact that approximately (asymp-
totically) we have
−2 log Λ(µ0; x, y) ∼ χ2(d) (B.7)
that is −2 log Λ has an approximate χ2 distribution with d degrees of free-
dom, where d is the number of parameters in the model minus the number of
parameters speciﬁed in the null hypothesis (in our case d = 1). From equa-
tion (B.7) we can see that the proﬁle likelihood l diﬀers from the likelihood
ratio test statistic Λ only by a constant independent on µ0. We concentrate
then on the proﬁle likelihood l. To ﬁnd the conﬁdence interval we proceed in
the following way. We plot the log-likelihood distribution, we ﬁnd the min-
imum, which is at the usual maximum likelihood estimator, and we move
with an horizontal line until the distance from the minimum rises of the α
percentile of the χ2 distribution. The corresponding interval on the abscissa
is the conﬁdence interval at the α% of conﬁdence level. Figure B.2 shows an
example of this method.
In this method we have used the approximation of the log-likelihood to
a quadratic function (parabola). This is not true if the number of events in
the signal region is small compared to the background number of events, and
thus also the asymptotically relation (B.7) is no more true. In such a case
the following method is used. We overlay the conﬁdence region described
in §B.1 with the proﬁle log-likelihood curve (µ, b̂). Then the upper limit
is the smallest value of µ that is on the curve but not in the conﬁdence
region. Figure B.3 shows an example of how this is done. Clearly in case
of fewer observations only an upper limit will be quoted. This method is
used whenever the proﬁle likelihood has a positive derivative in µ = 0. The
transition from one method to the other seems quite smooth.
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Figure B.2: Proﬁle log-likelihood function with two-sided limits for the case
of x = 6 events in the signal region and y = 2 events in the background
region. The background region is twice the size of the signal region (τ = 2).
The nominal coverage probability is 0.9. Picture from [119].
B.3 A Second Background Source
This method can be easily extended to include other possible sources of back-
ground or noise that aﬀect only the signal data, like a misleading recognition
of some events that reduce the eﬃciency on the signal detection. In our case
this source of noise has been considered to be the total amount of systemat-
ics in the signal recognition. Let’s say we have a second background source
distributed as
Z ∼ Pois(nη) (B.8)
where n is the size of the second source and η the rate. A second source
of background is commonly investigated using Monte Carlo, like for the eﬃ-
ciency estimations. Then the procedure is exactly like the one described in
§B.2 but using the following three dimensional statistic
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Figure B.3: Conﬁdence region with proﬁle log-likelihood curve overlayed and
upper bounds. Picture from [119].
Pµ,b,η(X = x, Y = y, Z = z) =










ﬁnding then the proﬁle likelihood l(µ, b̂, η̂; x, y, z).
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